Abstract. I attempt to sketch a unified picture of the origin of living organisms in their genetic, bioenergetic, and structural aspects. Only selection at a higher level than for individual selfish genes could power the cooperative macromolecular coevolution required for evolving the genetic code. The protein synthesis machinery is too complex to have evolved before membranes. Therefore a symbiosis of membranes, replicators, and catalysts probably mediated the origin of the code and the transition from a nucleic acid world of independent molecular replicators to a nucleic acid/protein/lipid world of reproducing organisms. Membranes initially functioned as supramolecular structures to which different replicators attached and were selected as a higher-level reproductive unit: the proto-organism. I discuss the roles of stereochemistry, gene divergence, codon capture, and selection in the code's origin. I argue that proteins were primarily structural not enzymatic and that the first biological membranes consisted of amphipathic peptidyl-tRNAs and prebiotic mixed lipids. The peptidyl-tRNAs functioned as genetically-specified lipid analogues with hydrophobic tails (ancestral signal peptides) and hydrophilic polynucleotide heads. Protoribosomes arose from two cooperating RNAs: peptidyl transferase (large subunit) and mRNA-binder (small subunit). Early proteins had a second key role: coupling energy flow to the phosphorylation of gene and peptide precursors, probably by lithophosphorylation by membrane-anchored kinases scavenging geothermal polyphosphate stocks. These key evolutionary steps probably occurred on the outer surface of an 'inside out-cell' or obcell, which evolved an unambiguous hydrophobic code with four prebiotic amino acids and proline, and initiation by isoleucine anticodon CAU; early proteins and nucleozymes were all membrane-attached. To improve replication, translation, and lithophosphorylation, hydrophilic substrate-binding and catalytic domains were later added to signal peptides, yielding a ten-acid doublet code. A primitive proto-ecology of molecular scavenging, parasitism, and predation evolved among obcells. I propose a new theory for the origin of the first cell: fusion of two cup-shaped obcells, or hemicells, to make a protocell with double envelope, internal genome and ribosomes, protocytosol, and periplasm. Only then did water-soluble enzymes, amino acid biosynthesis, and intermediary metabolism evolve in a concentrated autocatalytic internal cytosolic soup, causing 12 new amino acid assignments, termination, and rapid freezing of the 22-acid code. Anticodons were recruited sequentially: GNN, CNN, INN, and *UNN. CO 2 fixation, photoreduction, and lipid synthesis probably evolved in the protocell before photophosphorylation. Signal recognition particles, chaperones, compartmented proteases, and peptidoglycan arose prior to the last common ancestor of life, a complex autotrophic, anaerobic green bacterium.
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Introduction
"The origin of the code is perhaps the most perplexing problem in evolutionary biology." (Maynard Smith, and Szathmáry 1995) 
Genes, Catalysts, and Membranes
Compared with nucleic acids and proteins, lipids must seem third-class citizens of the molecular world to geneticists, molecular evolutionists, and others who think about the origin of the genetic code. However, I suggest here that the code originated by the selection of early peptidyl-tRNAs for a lipid-like function in the first biological membranes. To justify this perhaps surprising view I need to explain the concept of membrane heredity (Cavalier-Smith 1991a , 1995 and distill the concept of an organism to its bare essentials. The concepts of molecular coevolution and proto-ecology are also important for understanding the origin of the genetic code. In particular, I shall argue that early coevolution of the genetic, bioenergetic, and structural systems (CavalierSmith 1985a (CavalierSmith , 1987a ) is the central key to understanding the origin of the code and life itself.
The idea that life began by the origin of replication by naked genes and that cells evolved later is long standing (Minchin 1915 ) and probably correct. Muller (1936) emphasized that all new genes stem from pre-existing ancestral genes by serial duplication. Although we now know that novel genes can also arise as chimaeric recombinations of two or more existing genes (gene chimaerization), it is basically true that the ancestry of modern genes goes back through billions of successive replications to the first precellular replicators discussed by Minchin (1915) . The idea that the gene is the basis of life (Muller 1929) and that gene mutation is the essential basis for evolution (De Vries 1901; Alexander and Bridges 1929) pervades modern thinking and expresses profound insights. Yet it is oversimplified and thus potentially misleading. Even in the nucleic acid world of pre-organismal replicators, which we now think preceded the origin of the genetic code, life consisted of a mutualistic symbiosis of genes and catalysts (Orgel 1968; Crick 1968) . Conceptually, a gene and a catalyst have quite distinct functions; only in the very earliest stage of the nucleic acid world would they have been embodied in the same molecule. Although I believe that "the gene material" was "the initiator of life," I cannot agree with Muller (1966) that it is also its "organizing basis." That role is more properly assigned to membranes, or, more accurately, the physical interplay of membranes, genes, and catalysts (Cavalier-Smith 1987a) .
The present paper refers to the nucleic acid (NA) world rather than the more popular RNA world (Gilbert 1986) and to the first genetically-specified catalysts as nucleozymes not ribozymes, for several reasons: (1) although there are good arguments that RNA might have preceded DNA (Haldane 1965; Woese 1965 Woese , 1967 Orgel 1968; Crick 1968; Cavalier-Smith 1987a) it is likely that early replicases were relatively undiscriminating, so early replicators may have been mixed nucleic acids; (2) the same might have been true of early catalysts since DNA can also be catalytic (Breaker and Joyce 1994; Chartrand et al. 1995; Sheppard et al. 2000) ; (3) singlestranded DNA can act as a template for protein synthesis (Hulen et al. 1977) ; (4) the prebiotic synthesis of ribonucleotides under plausible geochemical conditions has not yet been convincingly demonstrated and several other types of nucleic acid monomers have been suggested as possibly more plausible for the first genetic system Nelson et al. 2000) ; (5) in view of the preceding chemical uncertainties, we can focus on the biological innovation of translation better by contrasting the NA world with the NA/protein world, without being side-tracked into the question of the sequential or simultaneous evolution of different types of nucleic acid.
Today we live not in a NA/protein world, but in a nucleic acid/protein/lipid world in which membranes play a vital part. Although many viruses can reproduce without the direct intervention of lipids, cells cannot. Cells are organisms, but viruses are not (Lwoff 1957) . They are selfish replicators (Dawkins 1982 ) that parasitize the genetic systems of cells. Unlike viral heredity, where nucleic acids (DNA, RNA, or both in retroviruses) alone form the germ line, cell heredity depends upon the direct genetic continuity of membranes as well as chromosomes. Thus DNA and the subset of membranes referred to as genetic membranes (Cavalier-Smith 1995) together constitute the germ line of cells.
Only in the 1950s with the rise of electron microscopy did it become clear that cell membranes never arise de novo. They invariably arise by growth and division of pre-existing membranes (Robertson 1964) . Thus all membranes are descended from those of the ancestral cell (Robertson 1964; Blobel 1980; Cavalier-Smith 1980a , 1991a , 1995 . Membranes are held together by non-covalent forces and grow by the insertion of lipids and specific membrane proteins, either during or after their synthesis. Blobel (1980) made the seminal suggestion that co-translational insertion of membrane proteins by the signal mechanism was the ancestral method and evolved even before the first cell on the outer surface of membrane vesicles. I have called this hypothetical precursor of true cells an obcell (Cavalier-Smith 1987a) and argued that membranes not only have structural and physiological functions in cells but also a central genetic role (Cavalier-Smith 1991a , 1995 . The importance of membrane continuity in evolution, and of the idea of membrane heredity and the protein-targeting mechanisms that mediate it, is particularly evident in the symbiogenetic origins of eukaryotic organelles (Cavalier -Smith 1987b -Smith , 1995 -Smith , 1999 -Smith , 2000 and the formation of the eukaryote cell itself (Cavalier-Smith 1981 , 1987c , 1991b , 2001a . Changes in genetic membranes also played key roles in the diversification of eubacteria and the surprisingly recent origin of archaebacteria from them (Cavalier-Smith 2001b) . Here I attempt to show that membrane heredity was crucially involved in the very origin of the genetic code and protein synthesis. This paper has five main aims: (1) to develop further the idea that living organisms are fundamentally a mutualistic symbiosis between genes, catalysts, and membranes (Cavalier-Smith 1987a) ; (2) to argue that the origin of membrane heredity established this three-way symbiosis and, thereby, mediated the transition from the NA world to the organismal world; (3) to argue that the primary function of protein-coding was to attach genes to membranes; (4) to outline how this can explain the origin of ribosomes and basic features of the genetic code; and (5) to discuss the importance of membranes for linking genetics and bioenergetics in proto-organisms. I shall argue that the code originated in conjunction with the exploitation of polyphosphate as an energy source by an obcell, whereas its later expansion was stimulated by the evolution of amino acid biosynthesis in a protocell that originated photosynthesis. More briefly, I shall discuss the origin of photosynthesis itself and outline new hypotheses for the transition from obcell to protocell and from protocell to the ancestral eubacterium, and the evidence that this was a photosynthetic green bacterium (Cavalier-Smith 1985a , 2001b .
Replicator Selection Versus Organismal Selection
A nucleic acid molecule is truly self-replicating only if one or both of its complementary strands can act as a nucleozymal replicase that can catalyse strand separation and the polymerization of both complements. Mutation will inevitably cause such a simple replicator to form a population of diverse but related replicators (Szathmáry and Gladkih 1989; Maynard Smith and Szathmáry 1995) . By replicating each other they would form a community of interdependent replicators-a hypercycle (Eigen 1971) . But in any system of cooperating and competing molecules selfish mutants will inevitably arise and tend to invade (Maynard Smith 1979) , making it highly improbable that physically independent nucleic acid molecules could evolve sufficient complexity to evolve protein synthesis (Szathmáry and Demeter 1987; Maynard Smith and Szathmáry 1995) as the hypercycle lacks individuality (Szathmáry 1989) . In order to evolve significant biological complexity it is essential for different genes to be physically associated to form a higher-level unit so that cooperating genes can be selected indirectly by virtue of the contribution they make to the reproduction of that higher-level unit (Koch 1985; Cavalier-Smith 1985a , 1991a . In viruses that higher-level unit is the virion, whereas in organisms it is the cell. In the terminology of Szathmáry and Maynard Smith (1997) , cells are reproducers, not replicators. Since viruses are highlyderived genetic parasites that can only multiply in cells, they are bad conceptual models for the ancestral precellular replicators.
In principle, multiple different replicators could have become physically associated either by binding to the surface of a larger structure or by becoming encapsulated by a membrane. Such binding or encapsulation would not solve the problem unless three further conditions are fulfilled: (1) the higher order structure must itself be capable of reproduction as a unit to form more offspring; (2) the properties of the associated replicators must on average contribute to the reproduction of the unit as a whole; (3) increases in the net reproductive rate of the higher-level units caused by replicator mutations must be sufficient to outweigh the disruptive effects of mutations generating selfish replicators. The first higher-level unit to acquire these properties would be a primitive organism, the proto-organism. It could, in principle, steadily increase in complexity by selection at the higher level (organismal selection for improved multiplication of the proto-organism and its descendants) but would always be prone to generate new genetic parasites by mutations forming replicators that used the organism's resources without contributing to its reproduction. This inevitable conflict between selfish replicators and organismal selection for genes that cooperate in achieving organismal reproduction is one of the most fundamental features of life.
Unlike viruses and most transposable elements, including the ancestors of introns (Cavalier-Smith 1985b , 1991c , which are truly selfish, most genes of living organisms are strongly cooperative and survive and spread by increasing the net reproductive rates of the cells that carry them. For these normal cooperative genes the phrase "selfish gene" (Dawkins 1976 ) is seriously misleading, even though the gene-centred view that it popularized (Williams 1966 ) is most valuable for population genetic accounting. However, Williams was not writing about competition between different genes within an organism, but competition between alternative alleles of the same gene, mostly in different organisms. Calling all genes or DNA selfish (Dawkins 1976 ) conflates the fundamentally different phenomena of truly selfish NAs like viruses, which are favored by replicator selection at the expense of the organism, and competition between alleles that is predominantly mediated by organismal selection sifting them according to their contribution to organismal survival and reproductive success. Far from being mere vehicles for selfish genes (Dawkins 1982) , organisms are the dominant influence on the evolution of highly cooperative and interdependent genes. Discussing molecular evolution in purely chemical terms that ignore this biological context impedes a deeper understanding.
Protein Synthesis Evolved in a Proto-Organism, Not in Free Solution
"But these properties [i.e. a stable chromosome encoding numerous proteins] would be of real advantage only if the gene products, as well as the genes, were linked together to form a discrete organism capable of acting as a unit distinct from its competitors in the prebiotic soup. I therefore suggest that DNA replication evolved only after, or in conjunction with, a symbiosis between genes and membranes." (Cavalier-Smith 1985a, p. 21) I now wish to apply the same argument to coded protein synthesis. It is often assumed that replicators underwent substantial evolution and protein synthesis evolved in a soluble phase as a hypercycle (Eigen 1971) . But the protein synthesis machinery is far too complex for this to be possible for a fully developed genetic code (Maynard Smith and Szathmáry 1995) . Even if tRNAs could have selected their own amino acid and catalyzed its covalent attachment, a minimal set of 23 tRNAs, two rRNAs and just one messenger and one encoded protein would be far too complex to have evolved simply by replicator selection. Higher-level organismal selection was undoubtedly necessary for the evolution of a full translation system. In my view, it was essential even to get it started. If we suppose that the NA world had evolved a nucleozyme replicase, it makes little sense to suppose that the primary selective force for the origin of protein synthesis was to make a better replicase of protein. Making a better replicase could at best only improve the replication of individual replicators and would not directly cause the cooperation that alone could increase complexity enough to evolve accurate protein synthesis. It is also unlikely that a crude initial translation machinery could evolve a protein replicase catalytically better than the ancestral nucleozyme. Instead of trying to explain the origin of the code in free solution, we need to ask what was the physical structure of the proto-organism and how did evolution of protein synthesis contribute to its reproduction (Cavalier-Smith 1987a) .
Membranes as the Key Integrative Force in Biology
It is the capacity of membranes for continuous growth and discontinuous division that makes organisms physically possible. Their capacity to vary their composition and for this composition to be inherited makes membrane heredity possible (Cavalier-Smith 1991a , 1995 . The combination of nucleic acid heredity, specifying the structure of individual macromolecules, and membrane heredity, perpetuating their supramolecular arrangement, makes progressive evolutionary increases in structural and functional complexity possible. Neither NA heredity nor membrane heredity alone could have achieved this. It is the properties of membranes, notably a capacity for growth, division, and a limited form of heredity (Maynard Smith and Szathmáry 1995) and an ability to harmonize heredity and assimilation, that account for the existence of living organisms. Genes alone are inert and cannot make organisms.
It has long been known that amphipathic molecules with long hydrophobic tails and hydrophilic heads can spontaneously form membranes in the presence of liquid water. The direct non-covalent bonds and entropic forces that achieve this thereby create supramolecular structures with an inherent capacity for growth and division, which may be multilayered or a simple bilayered vesicle. At temperatures where the amphipathic molecules are fluid, the membrane can grow spontaneously by the insertion of additional molecules from the environment and divide spontaneously as a result of natural instabilities or shearing forces. Cells merely harness and direct these basic physical forces by inserting or attaching protein molecules with the capacity to modulate them, whether directly or indirectly, by altering their lipid composition.
A variety of amphipathic molecules could have been formed abiotically in the primordial soup; hydropyrolysis of organics from falling comets and micrometeorites may have been a potent source (Deamer 1997) . Some of them would be likely to make lipid-like monolayers on water or mineral surfaces, or else suspended micelles and closed bilayer and multilayer vesicles. It is often assumed that replication and protein synthesis both evolved in solution and that the accidental encapsulation of a set of highly evolved replicators and ribosomes by such prebiotic membranes could directly have produced a simple ancestral cell (Jay and Gilbert 1987; Deamer 1997) . But two considerations make it highly improbable that sudden accidental encapsulation could create a proto-organism. Unless the membrane had sizeable hydrophilic pores to allow entry of nucleotides and amino acids, it would have separated the replicators and ribosomes from their food supply, so they would have starved and been selectively disadvantaged compared with unencapsulated competitors (Cavalier-Smith 1985a , 1987a . It is true for a narrow range of intermediate hydrocarbon chain lengths that encapsulation could serve to hold together several dissimilar macromolecules, potentially allowing selection at a higher level, while still allowing entry of amino acids or nucleotides (Deamer 1997) . However, encapsulates having such a high level of passive permeability would be unable to evolve a metabolism of small soluble organic molecules as has so often been assumed. In this respect, therefore, encapsulation has no advantage over the association of replicators with the surface of lipid vesicles or micelles (Blobel 1980; Cavalier-Smith 1985a , 1991a , 1991b , 1992 . It is curious, therefore, that the considerable merits of such "inside-out cells" are widely ignored (Deamer 1997; Szostak et al. 2001) .
Mere encapsulation does not make a cell. Imagining that it could (Jay and Gilbert 1987) overlooks the fact that in all cells replicators and ribosomes are both physically attached to membranes by specific proteins, and that membranes also have gene-encoded proteins to enable them to grow and divide. It is these physical attachments, plus the genetic control over membrane growth and division, and their integration with replication, protein synthesis, bioenergetics, and feeding, that we really have to explain (Cavalier-Smith 1985a , 1987a . Such extensive cooperation must have required numerous relatively small evolutionary steps and cannot have arisen suddenly by accidental encapsulation.
How did this co-operation originate? How does it relate to the origin of the genetic code?
Theory: Origins of the Genetic Code

Four Stage Evolution of the Code
The hypothesis that the code evolved in two phases (Jukes 1966; Wong 1975 Wong , 1988 , first using only prebiotically synthesised amino acids and later assigning biosynthetically produced amino acids after the code was good enough to make efficient enzymes, is eminently reasonable. Can we deduce the nature of this interim code postulated by Jukes and Wong? Wong (1988) suggested from their occurrence in electric discharge mixtures and meteorites that ten amino acids were probably assigned in the first phase and ten, later. Table 1 indicates that the ten early amino acids have 39 codons but the late ones only 22. This remarkable asymmetry probably arises because of the basic conservatism of the code and the greater difficulty of squeezing in new amino acids without harming existing proteins (Jukes 1971) . Early amino acids found it easier to capture adjacent codons.
I shall argue that the pre-biosynthesis phase can itself be divided into two stages, each driven by somewhat different selective forces. Initially the first five amino acids on the left of Table 1 entered the code as a result of evolution of hydrophobic membrane-anchors on the outer surface of membrane vesicles that captured readymade hydrophobic amino acids only from the surrounding prebiotic soup. Very efficient anchors ancestral to modern signal sequences could have evolved using just three amino acids (valine, alanine, and proline) abundant in abiotic spark-discharge mixtures and the Murchison meteorite. Specific initiation probably started with addition also of isoleucine using the CAU anticodon. After this hydrophobic code became established the next five amino acids were added to create hydrophilic domains. I shall explain how coding could have begun using just a single amino acid and tRNA and how the early hydrophobic code may have expanded to an interim doublet code of ten amino acids in response to selection for oligophosphate-binding proteins.
The post-biosynthetic phase occurred only after such precellular vesicles, or obcells, combined together to form a true cell (the protocell) with an internal cytosol within which a water-soluble metabolism and amino acid biosynthesis evolved for the first time. It also falls into two stages with different driving forces. In the first, those amino acids on the right side of Table 1 , plus N-formylmethionine, became encoded as a result of selection for efficient protein enzymes for the burgeoning metabolism. Jukes (1966) proposed that a doublet code, with consistent wobble at the first base position of the anticodon, preceded the standard 20 amino acid code. How- ever, the hypothetical early code of Jukes et al. (1987) used 31 different anticodons (all GNN or UNN) and tRNAs. It was not really a primitive code, but one based on analogy with the animal mitochondrial code, which evolved long after metabolism, limited wobble pairing, and sophisticated initiation and termination mechanisms originated. I shall argue that an early 21 acid code with only 23 tRNAs (all with GNN and CNN anticodons) is more plausible, being simpler to evolve and simpler to convert into the present one. The final stage of evolution of the code was the introduction of *UNN, *CAU, and ICG anticodons in response to selection to minimize mutational load caused by unassigned codons; only selenocysteine was recruited in this phase to give 22 encoded amino acids. I shall argue that the present termination mechanism evolved only in the protocell, which also evolved initiation by formyl-methionine after methionine captured the CAU codon from isoleucine. Like many, I have long been attracted by the frozen accident view of the code (Crick 1968) and by the idea of gradual ambiguity reduction (Fitch 1966; Fitch and Upper 1987) : see Cavalier-Smith 1980b. However, recent studies of the binding and catalytic capacities of artificially selected ribozymes and the non-random distribution of hydrophobicity across the code (Taylor and Coates 1989 ) strongly favor the idea of stereochemical constraints biasing the early code (Woese 1965 (Woese , 1967 and expansion of the code by codon capture instead. I shall argue that except for the capture of the isoleucine CAU anticodon by methionine, captured codons were always previously unused, allowing increased coding capacity without arbitrarily changing any pre-existing sequences. This applies the principles that Jukes et al. (1987) established for anticodon changes in the current 22 amino acid code to all stages in its origin from a single amino acid code. Strictly speaking, the code is neither an accident nor totally frozen. I shall argue that an early selective bias towards hydrophobic amino acids and GC-rich codons in the obcell was perpetuated during the successive gene duplications and codon-captures that produced the modern array of tRNAs from a single ancestor.
Phosphorylating Replicators and the Origin of Peptidyl Transferase
Let us assume that the NA world had already come into being through the evolution of a nucleozyme able to replicate itself. Such polynucleotides most likely originated in association with the surface of both phosphate minerals and clay minerals. Phosphate minerals could activate the monomers (Gao and Orgel 2000) and clay could catalyse their polymerisation to at least 50 nucleotides (Ferris et al. 1996) . We do not need to suppose that peptides were initially coded. As Orgel (1989) suggested, merely adding uncoded amino acids to the 3Ј end of replicators might be useful, either for replication or another reason. Protection against nucleolytic digestion is an obvious possibility; helping adsorption to a mineral surface is another (Fig. 1) . The scenario of Fig. 1 assumes that all three were important and is based on Haldane's (1965) suggestion that the first enzyme was a non-specific phosphotransferase able to activate amino acids and add both nucleotides and amino acids to a growing polymer. Figure 1 assumes that a single short replicator may have been sufficient to get life started. In its double-stranded form this replicator was one gene. In single-stranded form, one or both of its complements were nucleozymes. If together they had all three catalytic activities postulated by Haldane, the complements would be able to replicate themselves and simultaneously be a replicase, a proto-peptidyl transferase, a proto-aminoacyltRNA synthetase, and (because self-complementary) two proto-tRNAs. I assume that addition of nucleotides by this nucleozyme was templated, but when the NA chain was finished it added a single untemplated amino acid to the 3Ј end. The feasibility of Haldane's idea of primitive Below is one being replicated by two nucleozymes (N: one represented as a hairpin the other as a simple oval) formed by the folding of one of its complementary strands, generating double-stranded daughters. 3Ј ends are indicated by arrowheads. The replicase nucleozymes are attached both to the mineral surface and to the replication fork. At lower nucleozyme concentrations replication would be at only one end, generating one double and one single-stranded daughter (see text). If the same nucleozyme could activate monomers, using oligophosphates derived from the phosphate mineral as energy donors, this simple system could have been genetically and bioenergetically self-sufficient. If more than one nucleozyme was needed it would have been a little more complex. multifunctional transferases is verified by the ability of an artificially selected 29-nucleotide ribozyme to synthesize both phenylalanyl-and peptidyl-RNA from adenylated phenylalanine (Illangasekare and Yarus 1999a) .
I suggest that the positive charge of the terminal amino acid perhaps helped attach it to a negativelycharged mineral surface, in particular mineral polyphosphate or pyrophosphate. Attachment would greatly increase the local concentration of nucleozymes and templates (since both would be attached by the amino acid) compared with replication in solution, speeding up replication and reducing the chance of replicases never finding templates. But, though fairly strong in freshwater, attachment would be weak in salty environments. It would also help protect their ends from hydrolysis by foreign nucleozymes. The propinquity of sister molecules replicating on surfaces would favour kin selection to increase the efficiency of their mutual replication. In addition, and perhaps even more importantly, if the phosphotransferase activity was really as non-specific as Haldane assumed, it might have been able to transfer phosphate directly from oligophosphate or polyphosphate (polyP) to amino acids, nucleosides, and nucleotides, and thus activate them for polymerisation and be a polyP kinase. Genetics and bioenergetics must have been coupled from the start and this seems the simplest way.
Even these simple phosphorylating replicator populations would have had an automatic self-regulation of the ratio of double-stranded forms (genes) to single-stranded ones (nucleozymes). With an excess of double strands, replication would be from one end only, generating one single-stranded and one double-stranded daughter, thus increasing the number of nucleozymes; the kinetics would depend on whether one or both complements was a replicase and on whether or not replication was biased between the strands/ends. With an excess of singlestranded nucleozymes, replication would start simultaneously at both ends and produce only double-stranded daughters. I suggest that the replicators were palindromic, so that each daughter strand folded to form a hairpin, perhaps with side arms or a cruciform structure (Murchie and Lilley 1992) like tRNAs and the self-cleaving hairpin ribozyme (Lilley 1999) . This could reduce the chance of their re-pairing with the template and displacing the nascent chain before replication was complete and reduce their sensitivity to scission by predatory endonucleolytic nucleozymes. Folding with short singlestranded regions would probably also be important for their nucleozymal activity; artificially selected ribozymes often have two or three hairpins.
These phosphorylating replicators were the beginning of life but not themselves organisms, as they lacked a higher-level structure. They developed this, so I contend, by associating with the surface of lipid membranes in addition to polyphosphate minerals. Only thus could several different replicators be simultaneously selected.
Hydrophobic Peptide Anchors Made a Proto-Organism
I suggest that the original function of the large ribosomal subunit was not to make proteins but to add hydrophobic oligopeptides to the ends of NA replicators so as to anchor them to the outer surface of abiotically synthesized membrane vesicles and thereby create a proto-organism. Making such a hydrophobic tail is a much less demanding requirement for the first primitive peptides than making enzymes that require specific sequences. It is now established that the large rRNA is itself the catalytic peptidyl transferase that extends the peptide chain (Noller et al. 1992) . Since then, a large number of the catalytic activities that would have been necessary for the origin of protein synthesis have been found in ribozymes formed by artificial selection (Yarus 1998; Illangasekare and Yarus 1999b) . Thus the origin of protein synthesis is now mechanistically comprehensible in principle. What has been missing from recent discussions has been a plausible natural selective force that could have powered the breakthrough from the NA world to the NA/protein world. Selection for hydrophobic membrane anchors for replicators can provide just the natural selective force needed, since it would act at the higher level of the survival and multiplication of the membrane/replicator complex as a whole, not on individual replicators.
Artificial selection for hydrophobicity can evolve RNA molecules able to recognize and attach specific, activated amino acids to their 3Ј end-analogs of selfcharging proto-tRNAs (Illangasekare et al. 1995 (Illangasekare et al. , 1997 Illangasekare and Yarus 1999b) . In addition to their selfcharging phenylalanyl-RNAs, another able to add glutaminyl to its own 3Ј end (Lee et al. 2000) has been found, showing that specific self-charging ribozymes are possible for more than one kind of amino acid. I argue that evolution of such proto-tRNAs by natural selection for hydrophobic anchors to primordial membranes was the key step in the origin of the first living organism. The laboratory experiments use a pool of random RNA molecules replicated by protein polymerases; nature must have used a pool of self-replicating nucleozymes. As the most common phosphate mineral is apatite, a calcium phosphate, which can generate polyphosphate on heating (De Graaf and Schwartz 2000) , it is intriguing that Yarus's self-charging ribozymes all require Ca ++ as well as Mg ++ for activity. Volcanic activity intruding into apatite-rich rocks might therefore have set the scene for the origin of the code.
Whatever the initial selective advantage of a 3Ј peptidyl group, as soon as two different nucleozymes had evolved, coded by separate but potentially mutually beneficial replicators, there would have been a selective advantage for their attachment to a membrane vesicle so as to allow the selection of both nucleozymes as a unit (Fig.  2) . By such attachment, daughter replicators of both kinds could stay together, whether in freshwater or ma-rine environments, and be more likely to help each other than would free-floating soluble nucleozymes. The capacity of lipid vesicles for growth and division means that replicators on the surface of vesicles can evolve as a discrete proto-organism, in a way that those on a mineral surface cannot. Thus, the ancestral multifunctional nucleozyme could evolve into a family of four related nucleozymes, each of which could be optimized separately for one of the phosphotransferase activities that were essential for the phosphorylating replicator.
Even with randomly added amino acids, some replicators would, by chance, have hydrophobic tails attaching them to membranes. Thus a proto-organism consisting of a membrane vesicle bearing four replicators (genes) specifying the four basic catalysts needed for a self-sufficient genetic and bioenergetic system could have evolved (Fig. 2a) . A primitive coding system could have evolved on it by the selection of replicator variants that specifically helped select more hydrophobic acids from the prebiotic soup. NAs binding more strongly to hydrophobic than to hydrophilic amino acids would be more likely to bind to the membrane (either directly to lipids or to the hydrophobic tails of bound replicators) and, therefore, more likely to become substrates for the peptidyl transferase. Thus the bias towards hydrophobicity would be self-reinforcing. The NAs with a preference for hydrophobic amino acids would be proto-tRNAs and/ or proto-aminoacyl-tRNA synthetases. As many others have suggested, it is likely that proto-tRNAs were helical hairpins with a terminal unpaired loop of three or four nucleotides (the anticodon loop), the dimensions of which initially set the reading frame at three bases. As Table 1 shows, there is a clear bias towards GC (46GC; 32 AU) in the first two base positions of codons used by the ten putatively early amino acids. As virtually all theories of early coding assume that the third base was then semantically redundant (Crick 1968) , it may also have in fact been biased towards GC. If codon-anticodon pairing was the primary means of binding to proto-mRNA, having the entire codon-anticodon GC-rich would have increased stability. Since GC bias would also have increased the stability of hairpin stems, it is probable that the first tRNAs were generally GC-rich, as is true for the proto-tRNA deduced phylogenetically from paralogous tRNA sequences (Fitch and Upper 1987) . If this were also true of the proto-mRNAs, which probably had a common ancestry with the proto-tRNAs, this would give a general preference for GC-rich codons in the early code.
Inorganic phosphate minerals can catalyse the nontemplated formation of oligopeptides from activated amino acids (Ferris et al. 1996; Liu and Orgel 1998) . It seems possible that catalysis on the surface of mixtures of clay and phosphate minerals could form oligonucleotides with 3Ј covalently bonded oligopeptides even in the absence of nucleozymes. Or a self-replicating nucleozyme may have had the ability to transfer such activated Non-coding obcell with four genes encoding four nucleozymes. The proto-peptidyl transferase transfers uncoded peptidyl groups to proto-aminoacyl-tRNAs. The proto-tRNAs (shown for simplicity as simple hairpins, not folded hairpins with side arms) are assumed to be self-charging nucleozymes using amino acids activated by the addition of oligophosphate (pyrophosphate or trimetaphosphate). All four genes (double-stranded) and gene products (single strands: genetically specified, not coded) are attached by non-coded hydrophobic anchors to the obcell membrane, which grows by spontaneous insertion of prebiotic lipids and fusion with other vesicles and divides by spontaneous fragmentation. The polyphosphate kinase activates sugars (for nucleoside synthesis), nucleotides, and amino acids (shown as grey-filled circles). The replicase polymerises the activated nucleotides on the gene templates. Even before coding, selection at the obcell level favors self-charging prototRNAs with a bias towards hydrophobic amino acids, e.g. valine, leucine, alanine. The lumen of the obcell is called the protoperiplasm since it became the periplasm of the protocell after obcell fusion formed the first true cell with an internal genome and ribosomes (Fig. 5). (B) The first coding obcell with four nucleozymes and six genes. Coding could begin by the addition of only two extra genes: the first mRNA, and the proto-small rRNA (flattened hexagon) that helped it bind more firmly to the proto-tRNAs attached to the peptidyl transferase than codonanticodon interactions alone would allow. Thus was born the protoribosome.
oligopeptides to a polynucleotide. Either possibility would have allowed non-coding peptidyl-NAs to arise, which would have been self-inserting into the outer surfaces of prebiotic membrane vesicles. In that case, even the evolution of self-replication might have originated or been perfected on the surface of abiotic lipids. Possibly, therefore, life began in a complex milieu of abiotic oligomers attached to the surfaces of heterogeneous mixtures of clay and phosphate minerals and abiotic lipid membranes.
I do not attribute any prebiotic significance to the artificially selected ribozyme that binds to liposomes (Khvorova et al. 1999) , since it binds to the positively charged choline moiety of phosphatidylcholine which is unlikely to have been a prebiotic lipid. Moreover, as phosphatidylcholine is absent from most groups of bacteria (found only in some proteobacteria and Grampositives), it was probably not even present in the latest common ancestor of all life (the cenancestor: Fitch and Upper 1987), and should not be used in liposome experiments attempting to mimic early evolution. More likely, the ancestral phospholipid was phosphatidylglycerol (Cavalier-Smith 2001b) , but none need have been prebiotic. Thus this ribozyme does not detract from my central assumption that membrane-binding by the hydrophobicity of peptidyl tails offered a key advantage to early NA replicators that they would be unlikely to have on their own. It is known that ribozymes can evolve hydrophobic pockets to recognise specifically the hydrophobic amino acids valine and isoleucine (Yarus 1998 (Yarus , 2000 , probably key constituents of obcell membrane anchors. But it is unlikely that they could have evolved externally hydrophobic domains large enough to be membrane anchors able to work with any non-specific mixture of prebiotic lipids.
Coding with One Proto-tRNA Gene
Coding could have begun by the association of just one more RNA molecule, a proto-mRNA that helped bind the proto-tRNA to the peptidyl transferase nucleozyme. Initially, it could have been selected merely for stabilizing the binding and increasing the efficiency of the still uncoded peptide addition. On this hypothesis, the demands on the system for specifying precise amino acid sequences are minimal; all that mattered was that the peptide tail was sufficiently long and sufficiently hydrophobic to act as a membrane anchor. Coding needed only a bias towards hydrophobicity to get going, i.e. to select more hydrophobic amino acids from the mixture in the soup. The simplest way to start coding would be if the messenger were a polymer of a trinucleotide. For example (GUC) n could have coded an oligo-valyl tail and (GCC) n an oligo-alanyl tail, either of which would immediately have been an efficient membrane anchor. Such repetitive messengers could have been synthesized by the non-templated non-enzymatic ligation of oligonucleotides (Gao and Orgel 2000) or (less likely) by a nucleozymal ligase (Ekland et al. 1995) . Both (GUC) n and (GCC) n could have been correctly decoded by mixtures of valyl-tRNA with anticodon GAC and alanyltRNA with anticodon GGC. A precursor of the small rRNA was probably selected at this stage to stabilize the mRNA/tRNA complex more than could codon/anticodon pairing alone (Fig. 2b) . Very likely the base pairing between the messenger and the small rRNA, as by the bacterial Shine Dalgarno sequence, began as a crude initiation mechanism before a special initiator tRNA evolved.
As alanine and valine are the two most abundant hydrophobic amino acids in the Murchison meteorite and in spark discharge experiments (Weber and Miller 1981; Miller 1987) , I suggest that one or other of them formed the first coded tails and that the other was quickly recruited as well by a single base change to the anticodon. Copolymers could then be accurately decoded, since these anticodons together form a compatible commaless code that can unambiguously decode a copolymer even without any specific initiation mechanism. Each tRNA would automatically select the correct reading frame by direct base pairing with the messenger. Other means for specifying the frame could come later. No specific termination mechanism would be needed or desirable. Selection for stronger binding by the anchor would favor longer peptides and thus, longer mRNAs, especially as the N-terminal amino acid would be positively charged and tend to remain at the surface of the membrane. Therefore, the first codon assignments were probably strongly biased by the historical availability of amino acids and selection for both GC richness and hydrophobicity and were not a pure accident.
Early t-RNA Evolution
Note that this scenario does not depend on the direct stereochemical recognition of amino acids by cognate tRNAs, or require them to be self-charging, though both possibilities are reasonable for the very earliest stage. The binding sites of three natural and artificially selected amino acid-binding RNAs turn out to be enriched in codons for the cognate amino acid (Majerfeld and Yarus 1998; Yarus 2000) . This makes it possible that a single gene might have specified both a self-charging prototRNA and a protomessenger for an oligomer of its cognate amino acid that might also serve as a hydrophobic anchor. The only putatively primordial amino acid for which this has so far been shown is isoleucine (Majerfeld and Yarus 1998; Yarus 2000) ; as it is so hydrophobic, an oligo-isoleucyl residue should have been an even better anchor than an oligo-alanyl one. This would avoid having a separate messenger and tRNA gene. However, I think the idea of a separate polycodon as the first messenger, which would be unlikely to be able to act as a nucleozyme, is the most plausible way of providing an immediate selective advantage for a single proto-tRNA and at the same time automaticaly setting the reading frame prior to the origin of specific initiation.
The fact that arginine can be directly recognized by a natural self-splicing RNA (Yarus 1998 (Yarus , 2000 has led some to regard this as a model for early self-charging arginyl-tRNA (Yarus 1998; Landweber 1999) . However, the arginine-binding site in a self-splicing intron is almost certainly not a relic of the RNA world, since neither arginine nor self-splicing introns (Cavalier-Smith 1991c) are likely to have evolved until after protein synthesis and DNA. The more general arginine aptamer correlations (Landweber 1999) are also questionable (Ellington et al. 2000) . Most seriously for such ideas, there is no established simple abiotic synthesis for arginine or evidence that it is found in meteorites or spark-discharge mixtures. Jukes (1973) suggested that ornithine might have preceded arginine. Weber and Miller (1981) strongly questioned this because ornithine so easily forms deleterious lactams. Its prebiotic existence is also uncertain. Another basic amino acid more easily made prebiotically might have preceded arginine, but the two most abundant ones in spark discharge mixtures would also be prone to form lactams, so an early entry of a basic amino acid into the code is implausible. The membrane anchor hypothesis has the advantage over most other scenarios because it holds that basic amino acids are unnecessary for the obcell code. Only hydrophobic amino acids were used originally.
The idea of a chimaeric origin of tRNA from two different sources after the separation of the three domains of life (Di Giulio 1999) is phylogenetically untenable, as the domains separated about 3 Gy after the origin of tRNA (Cavalier-Smith 2001b) . Protein-spliced introns in the tRNA anticodon loop, on which this hypothesis were based, are restricted to neomura (eukaryotes and archaebacteria: Cavalier-Smith 1987c, 2001b) and were inserted into pre-existing tRNA, probably about 850 Mya (Cavalier-Smith 1991c , 2001b . Postulating introns and their excision and splicing prior to the origin of proteins (Doolittle 1978; Gilbert 1987) solves no problems and is devoid of phylogenetic support; it would merely complicate the origin of protein synthesis. Although group I and group II introns probably evolved in eubacteria, they need not have been present in the cenancestor; as transposable elements with a propensity for lateral transfer, their ancestry and time of origin is hard to deduce (Martinez-Abarca and Toro 2000). The strong conservation of tRNA structure implies that prior to the duplication of the proto-tRNA to form the second tRNA it had already evolved about 75 nucleotides in a folded cloverleaf structure. The same gene or others of similar length could have encoded signal peptides of up to 25 amino acids. Because there would have been no specific termination or initiation mechanisms, the anchors would have a spread of lengths determined by the kinetics of spontaneous initiation, and of spontaneous separation from the protoribosome during self-insertion into the membrane.
At what stage tRNAs got their CCA ends is unclear. Artificially selected self-charging phenylalanine RNAs end in CCG (Illangasekare et al. 1995; Illangasekare and Yarus 1999 ). I do not favor the genomic tag hypothesis for the origin of CCA (Maizels & Weiner 1994) , based on advanced replicative properties of highly derived genetic parasites (viruses) which are exceedingly unlikely to have inherited their replication machinery from the NA world; it is incorrect to call them molecular fossils. It is more probable that the viruses made use of preexisting tRNA genes for replication than the reverse. The 3Ј ends of tRNAs might have been modified when proteins took over their charging from nucleozymes. The mechanism of amino acid activation could have changed at the same time from one using inorganic oligophosphate to one using ATP. However, phylogenetic arguments indicate that CCA was originally encoded but lost from the genes in the neomuran ancestor 3 Gy after tRNA evolved (Cavalier-Smith 2001b) . The CCAadding enzyme (Yue et al. 1998 ) was present in the cenancestor and probably evolved in the protocell after the code was complete to repair damaged tRNAs-a late refinement.
A Six-Gene Organism
Co-translational protein insertion into membranes is today mediated by the third ribosomal subunit, the signal recognition particle (SRP). The 4.5S SRP RNA that does this in eubacteria, the ancestral cells (Cavalier-Smith 2001b) , must have originated prior to the cenancestor. However SRP RNA works by binding the GTPase protein Ffh that interacts with the SecYEG eubacterial integral membrane translocon (Manting and Driessen, 2000) . This system is far too complex to have originated in the obcell; the highly conserved Ffh depends on methionine for its action which is unlikely to have been encoded early (see below), and the protein translocator is a multiprotein molecular machine driven both by proton gradients and ATP hydrolysis. Whether SRP RNA could have done anything useful on its own is debatable. As we should not make the very common mistake of supposing that all RNA functions go back to the NA world, I shall assume, to keep things simple, that it evolved only in the protocell and that protein anchors were initially selfinserting.
This means that both translation and protein insertion could have originated as membrane-attached replicators became progressively more varied in the following stages:
(1) Replicase nucleozyme (R) (2) PolyP kinase nucleozyme (K) (3) Peptidyl transferase nucleozyme (P; proto-large rRNA) adds amino acids to 3Ј end of R, K, and itself (4) P, K, and R, having hydrophobic tails, bind to membranes (5) GC-rich replicators (proto-tRNAs) preferentially bind hydrophobic amino acids (6) GC-rich proto-mRNA and proto-small rRNA together help them to bind to peptidyl transferase Thus, a form of peptide synthesis directly capable of evolving into the known coding system could logically have begun with as few as four different genes, two proto-rRNA, one proto-tRNA and one proto-mRNA. Or, less likely, a single gene could act as proto-tRNA and proto-mRNA, resulting in only three-genes. Together with replicase and kinase nucleozymes, this made a proto-organism with only six genes (or fewer if any could have dual functions) but which, nonetheless, would be capable of progressive improvement through selection at the higher level of cooperating groups of genes (replicators) associated with a membrane. By adding a second mRNA and tRNA as suggested above it would have eight genes, yet could have unambiguously specified the sequence of peptides containing both amino acids given a suitable messenger, which would be bound to arise by mutations of the two existing ones. Because of sloppiness in both replication and translation at this stage, each gene would actually be a family of related molecules, not a single species and, thus, automaticaly have substantial variation, some of which could be advantageous. This beginning of coding is even simpler than my earlier suggestion that it began with two prototRNAs, one with a preference for hydrophobic acids and one for hydrophilic amino acids (Cavalier-Smith 1980b) . No hydrophilic amino acids were initially needed. I shall outline how it could progressively have evolved into the present system.
Simplifying the Code
To explain the origin of the code we need simultaneously to work forwards from what little is known of prebiotic conditions and backwards from the much we know of modern codes. For the latter, evolution of anticodons ) is most significant. Consider the likely situation in the cenancestor. In eubacteria, which were ancestral to archaebacteria and eukaryotes (CavalierSmith 2001b) , almost all anticodons are GNN or UNN . Only one anticodon contains inosine (ICG for arginine) and there is always also a CCG anticodon so they can together read all four arginine CGN codons. Only two other CNN codons are invariably present in eubacteria: CCA for tryptophane and initiation anticodon, CAU. Eubacteria have a small and variable sprinkling of other CNN codons, probably related to variable GC mutation pressure . The enzyme that makes I (tRNA hypoxanthine-ribosyltransferase: HRT) can only have evolved after metabolic biosynthesis at some stage after the protocell but before the cenancestor. HRT and the I anticodon were lost by the archaebacterial ancestor, probably through GC pressure arising from their secondary hyperthermophily (Cavalier-Smith 2001b) . Their eukaryote sisters did not lose it, but evolved eight more INN anticodons in response to AT pressure . HRT works by modifying an A; as most eubacteria have no anticodons beginning with A, HRT probably evolved when the protocell was subject to AT pressure. Until metabolism evolved to allow the introduction of the modification of U in the first anticodon position, UNN anticodons would have recognized both NNY and NNR codons , as some do in animal mitochondria. Therefore, early unmodified tRNAs could not have used GNN and UNN anticodons for decoding different amino acids. Thus, prior to the evolution of metabolism, there were either only UNN anticodons, which potentially could recognize any codon, or only GNN anticodons, which could recognize only half the anticodons. Proponents of ambiguity reduction would presumably favor UNN codons and often use mitochondria as an example. But they are highly derived, not primitive. I propose that the obcell may have had no UNN codons at all; initially only GNN anticodons and in later stages the initiator anticodon, CAU, and probably other CNN codons. I have five reasons for this. One is the greater stability of GC-rich anticodon-codon pairs at a time when ribosomal tRNA-binding sites would probably have been rather primitive. Second, that tRNA and rRNA tend to be GC-rich, so early mRNAs, which would probably be related to them, are likely to have been as well. Third, as stop codons are AU-rich, and I think termination evolved late, AU-rich codons were probably available for stops after all GC-rich codons were captured. Fourth, the bias towards GC-rich codons by the putatively prebiotic amino acids. Fifth, the common ability of U to pair with G as well as C in RNA means that U-rich anticodons would be more ambiguous. This greater ambiguity would have weakened the power of selection to improve early translation, so U-rich anticodons would be at a selective disadvantage.
For similar reasons we can argue that the third base of early anticodons was probably a G or a C. Using these assumptions, one can construct a hypothetical early code with the eight anticodons shown in Table 2 . In this code the middle base would specify the hydrophobicity, the most important variable for making good membraneanchors (anticodons GAS for the most hydrophobic; GGS for moderately hydrophobic and SRG for the hydrophiles). A-rich anticodons are themselves the most hydrophobic (Wong 1988) , so might have been at least partially involved in recognizing the amino acids. Six of the eight amino acids are abundant in spark-discharge mixtures, four in the Murchison meteorite. As argued above, arginine was probably not prebiotic. An abiotic synthesis has been demonstrated for histidine (Shen et al. 1987 ), but it is unclear whether the concentration of the necessary precursors would have been high enough to make this synthesis prebiotically significant. Although histidine is important for the active centres of many enzymes, the low catalytic diversity in the obcell would have allowed an effective code to evolve without it, in marked contrast to scenarios that assume that catalysis was the driving force for the origin of the code. Therefore, the code in Table 2 was very likely not an actual historical intermediate, despite being based on reasonable assumptions. I show it to illustrate the weakness of a purely abstract approach to the code. Excluding the two, probably late, basic amino acids would give an even simpler code, where the middle base would also discriminate between the acidic and neutral amino acids. While attractive in the abstract, I doubt the historicity of this six amino acid code also. The historical availability of these six amino acids does not mean that they were all used early on.
A Hydrophobic Obcell Code
On the simplest version of the obcell theory, only the four hydrophobic amino acids would be useful at first. Even given a selective advantage for adding the two hydrophilic acids, it is dubious that they also could have been unambiguously coded without an initiation mechanism to set the reading frame. More likely, therefore, is an early obcell code using all five of the most abundant hydrophobic early amino acids, including isoleucine (Table 3) . Isoleucine and leucine are the most hydrophobic amino acids and would have much strengthened the membrane anchors. If the first isoleucine anticodon was GUU, copolymers of isoleucine, alanine, and valine codons could have been read unambiguously, even without specific initiation. Those involving leucine or proline would have had some ambiguity, so they were possibly added a little after isoleucine.
The order of the amino acids in the peptide would initially matter less than its average hydrophobicity and length, so imperfections of charging and codonanticodon recognition would be much more readily tolerated than if the first proteins had been enzymes. Addition of a prolyl-tRNA by mutating the alanyl-tRNA third anticodon position from C to G, would introduce a turn-inducing imino acid. This would enable the evolution of a very efficient form of signal peptide of two hydrophobic ␣-helices arranged as a hairpin. Thus, just four tRNAs (or five with leucine, with anticodon GAG readily derivable from valine's GAC) probably could have made unambiguously coded signal peptides as good as any today.
The above scenario assumes accurate codonanticodon base pairing for all three positions and that all were specifically recognized at the charging stage. An alternative ambiguity reduction scenario yielding exactly the same result and selectable via the hydrophobicity of the encoded tails would be that, initially, only the middle base of NYN was semantically significant, with U specifying strongly hydrophobic amino acids and C, less hydrophobic amino acids; precise specification within each class could have come about when the first codon became meaningful. However, I prefer to assume accurate pairing of all three positions, as it would have increased codon/anticodon stability and stereo-specific recognition of all three positions during charging. As nucleozymes can recognize specific amino acids, I am less attracted to the idea of a highly ambiguous early code. Unambiguous pairing would have increased the power of selection to effect the changes. For expository simplicity I have assumed that all codon third bases were C and that only Watson-Crick pairing was involved. If this were true, the hydrophobic code (Table 3) would have been a wobblefree code. However, maximum evolutionary continuity would arise if the third anticodon was wobble-free but the first G could pair not only with C, but also with U as in the modern code. If that were true, any messengers that mutated their third codon positions from C to U would still be correctly decoded. This probably soon led to 11 of the 64 codons being used by the early obcell code. All codon third bases are assumed to be C. 
Continuity of Initiation
I suggest that preferential insertion of isoleucine at the N-terminus could have been favored by its very high hydrophobicity, which, given the positive charge on the amino group of the N-terminal amino acid, might have made it easier to insert and anchor the nascent chain in the membrane. An early initiation mechanism could have evolved by the addition of a second isoleucine tRNA with anticodon CAU. Having a GUU anticodon for internal isoleucines and CAU for the N-terminal one would allow initiation to evolve without constraints from internal isoleucines. This would be simpler than if the ancestral initiator amino acid had been methionine, always inserted by a single anticodon. Since at this stage CAU would have been the only CNN codon, it could have been distinguished readily from all the other GNN anticodons. Presumably, the peptidyl site on the ribosome became tailored at a very early date to bind an aminoacyl-tRNA bearing a CAU anticodon or tRNAs with GNN anticodons bearing peptidyl groups; tRNAs bearing only aminoacyl groups could bind only to the A site. After methionine captured the CAU anticodon from isoleucine, the basic initiation mechanism using CAU would be unchanged, despite the switch in amino acid. This switch in coding would not have changed any internal amino acids if GUU were reserved for them. Since discrimination between terminal and interior methionine was essential to allow effective coding of methionines and involved the complex formyl-methionine machinery, it must have evolved after the conversion of an obcell to a protocell and the evolution of metabolism sufficiently complex to formylate methionine. This is true irrespective of whether methionine was easily available in the prebiotic soup, which, though possible (Weber and Levy 1981) , is unlikely.
Messenger Evolution
As there was, at this stage, no specific termination process, there would have been no problem from mutations generating stop codons. Mutations to any of the 53 unused codons would tend to stall chain elongation. It might resume following the insertion by mispairing of one of the five coded amino acids. This would not be seriously harmful, as all amino acids would be hydrophobic. Stalling would also increase the probability of premature displacement from the ribosome, making a shorter peptide that usual. It would be likely for the peptidyl-tRNA to be lost to the environment only if it were very close to the N-terminus. Messengers would, therefore, diverge relatively fast, with the more extreme forms culled by loss and the more benign ones tolerated.
One may ask whether all messengers had a common ancestry. Once transcriptional and translational starts had become sophisticated, it would be very unlikely for protein-coding genes to arise de novo. But such sophistication may not have come about until after the protocell arose. A number of messengers may have arisen polyphyletically during obcell evolution, giving rise to several unrelated protein structural motifs.
Let us now consider how and why hydrophilic amino acids might have been added to the code.
Complicating the Code: Hydrophilic Domains
Once the basic coding properties became established on hydrophobic anchors, more hydrophilic amino acids could be recruited to form a hydrophilic domain at the surface of the membrane. Initially, the hydrophilic domain might have been useful just for binding hydrophilic molecules, both of food-like polyphosphate and the nucleozymes themselves, for which any hydrophilic residues might be helpful. The first main function of sequence determination would be the distribution along the chain of hydrophilic and hydrophobic residues to allow folding into modules with hydrophilic surfaces and hydrophobic interiors; possibly, a hydrophilic ␣-helix would be simplest. Proto-tRNAs for hydrophilic amino acids would have evolved from the alanyl-or prolyltRNA by mutating the third anticodon position to A for serine and U for threonine. Those for aspartic and glycine could form by mutating the middle base of valyl-or alanyl-tRNA to U or C, respectively, yielding the ten acid obcell code (Table 4) . A proto-mRNA that was GCrich at its 5Ј end and AU-rich at its 3Ј end would encode a hydrophobic signal peptide attaching a hydrophilic surface domain bearing the tRNA. Phosphate-binding domains and connector regions are conserved between polyphosphate glucokinase and several families of ATPbinding proteins (Hsieh et al. 1996) . The key amino acids are aspartic, glycine, and threonine; all of these, and the nearby amino acids within the binding motifs, would be encoded by the expanded hydrophilic/hydrophobic obcell code (Table 4) . Defining the reading frame by origin of initiation in the hydrophobic obcell phase was a prerequisite for such expansion.
Jukes (1966) suggested that the acidic amino acids aspartic and glutamic might have been inserted indis- criminately, at first, by a recognition of only the first two nucleotides of each codon, but I suggest that aspartic, the more abundant one, was coded specifically at the outset and glutamate added later through capture of the GAG codon by a tRNA with a CAC anticodon. Except for the special case of the addition of methionine, none of the intermediate codes postulated here involves any amino acid substitutions as an incidental consequence of the expansion of coding capacity. A novel tRNA with a CAA anticodon allowed leucine to capture the UUG codon and thus have three codons like isoleucine. Serine captured two new codons by a novel tRNA with a GCU anticodon. Even though a self-charging tRNA might have been involved in getting the hydrophobic code started, the expansion of the obcell code to a greater diversity of amino acids probably involved precursors of aminoacyl-tRNA synthetases to provide the new charging specificities. Otherwise, it is hard to see how amino acid selection and tRNA interactions with the protoribosome could have been independently optimized, as must have occurred (Ellington et al. 2000) .
Thus an advanced obcell code for ten amino acids may have come into being (Table 4) able to encode membrane anchors and a variety of membrane-attached, substrate-binding proteins. Only 13 self-charging tRNAs or ten nucleozymal aminoacyl-tRNA synthetases (or some combination of the two) would have been needed for this accurate and useful code, which would use 22 of the 64 codons once some of the third positions inevitably mutated to U. It would have been sufficiently versatile, chemically, to code for a variety of catalytic proteins, but probably few, if any, were needed to get the evolution of the code to that stage. This code should have been able to make large enzymes or structural proteins with complex folding requirements and specific amino acid sequences needed for efficient function. The most useful ones would be those with big effects on the overall survival or reproductive capacity of the obcell. Among these would be ones coupling the energy supply more efficiently to replication and translation, bringing the uncoded lipid membrane under more control with respect to growth and division, coordinating replicator segregation with membrane division, increasing its osmotic stability, and acquiring nutrients. At some stage, either during the late obcell phase or early protocell phase, mutation pressure probably added more CNN codons without adding extra amino acids, thus capturing several further unused codons (no more than seven). This might have been mildly deleterious because of the extra load of tRNAs, but would have been partially offset by the reduced translational stalling caused by mutant codons with third base Gs.
Until enzymatic cleavage of the peptidyl group from the tRNA evolved, all NAs would have been anchored to the membrane by peptides coded by the first protomRNAs. I previously assumed that the first proteins were enzymes (Cavalier-Smith 1987a) , but the present hypothesis provides a much simpler function for the first peptide, with three key advantages: (1) it does not require a precise amino acid sequence or a unique folding pattern or a very long peptide for function; (2) the function directly increases the capacity of replicators to be selected as cooperating groups rather than selfish competitors and thus simultaneously accounts for the origin of translation and of proto-organisms; (3) the hydrophobic tails carry out their function without needing the simultaneous evolution of peptide cleavage in response to stop codons. Thus, a single proto-tRNA gene could have started coding an organismically beneficial peptide. This peptideanchor hypothesis for the origin of coding is much simpler than any assuming that the first protein was an enzyme. It is hard to imagine that a single tRNA gene could be sufficient to enable the evolution of a reproductively useful proto-enzyme.
When specific termination became necessary would depend on when polygenic messengers evolved, which is very uncertain. I propose that termination involving enzymatic cleavage of the peptidyl group from the tRNA evolved only after the formation of the protocell created the cytosol, allowing water-soluble enzymes and metabolism to evolve (see below); 45 codons could have remained unused by the obcell. Before then, peptidyl cleavage would have been harmful, as the protein would be lost to the environment.
Origin of Chromosomes and Separate Functional RNA
As mentioned above, the proto-organism that began to evolve protein synthesis probably had about six replicators, but two others might have been added very early. These are genes for an NA ligase and a nucleozymal endonuclease. If the former had not already arisen in the NA world it would be a prime candidate for an early protein favored by proto-organismal selection. By joining together the various replicators contributing different functions into a continuous chromosome it would ensure that all functions were retained as a unit when the membrane substrate fragmented. It would also reduce the likelihood of individual selfish replicators multiplying to their own benefit rather than that of the whole protoorganism. As Maynard Smith and Szathmáry (1995) cogently argue, even as few as six cooperating replicators would probably be sensitive to such parasitism by selfish variants. Therefore, any proto-organism able to make a ligase to join its replicators would have been at a distinct advantage. Therefore, it is very likely that chromosomes evolved under this selective force long before cells (Cavalier-Smith 1985a , 1987a Maynard Smith and Szathmáry 1995) .
But one cannot have chromosomes bearing several genes unless all the separate genic functions can take place on a single nucleic acid molecule also able to serve as a replicator, or a separation in function evolves between the replicator and shorter gene products. Shorter gene products could arise by the evolution of either transcriptional start and stop signals or endonuclease cleavage. I previously suggested (Cavalier-Smith 1987a ) that differentiation between chromosomes and gene products initially arose by the evolution of a ribozymal ancestor of RNAase P, which cleaves off the 5Ј end of tRNA molecules in all organisms. Unlike transcription initiation and termination factors, which are all complex proteins, this would have placed no demands on the early, imprecise translation machinery. A polymeric RNA transcript, consisting of concatenated mRNAs and rRNAs punctuated by intervening tRNAs, could have been cut into functional pieces if RNAase P and a second enzyme (whether NA or protein) cleaved its tRNA adjacent to the 3Ј end (the CAA might have been its recognition site), more or less the situation in some animal mitochondria.
However, replication of such a long chromosome could well have presented problems for a nucleozyme, so multigenic chromosomes might not have been able to evolve until a processive protein NA polymerase arose. As DNA primase does not discriminate much between ribo-and deoxyribonucleotides and, unlike DNA and transcriptional RNA polymerases, does not require complex machinery for initiation, it might have been the first protein NA polymerase (Cavalier-Smith 1987a) . The precellular origin of chromosomes need not have required a clear-cut separation of DNA and RNA since replicators could be mixed polynucleotides. If they were mixed they would have been less prone to hydrolysis than RNA genomes, thus reducing the lethal mutation rate. The error threshold that set a limit to the genome size of the proto-organism would depend on the fidelity of the polymerase at least as much as on the chemistry of the template. It would be unwise to extrapolate the fidelity of either virus RNA replicases or DNA primase back to the proto-organism. The genome size of an RNA phage like Q␤ is limited by its small capsid size, which means that its polymerase would not be subject to selection to improve fidelity beyond that needed for its small genome; thus the fact that its fidelity is close to the Eigen threshold (Maynard Smith and Szathmáry 1995) may simply reflect a lack of selective pressure for further improvement rather than a limited evolutionary potential for an RNA replicase. Likewise, as primase nowadays makes only short primers that are removed, selection for fidelity will now be weak, yet it might originally have been very strong if it really is the ancestral polymerase. Given such strong selection, the proto-organism prior to evolving a purely DNA genome could probably have accumulated many more genes than was previously thought (Cavalier-Smith 1987a; Maynard Smith and Szathmáry 1995) .
Evolution of an NA ligase, RNAase P, a second processing endonuclease, and a proteinaceous NA polymerase would have allowed such a chromosome to evolve. If it was linear it could initially have been anchored like tRNA to the membrane by 3Ј hydrophobic peptides, but given the relative weakness of this bond (see Discussion) additional proteins for anchoring the genome to the membrane would probably have evolved early. Moreover, some mechanism would be needed to stop RNAase P from cutting up the replicator as well as the functional gene products. One possibility is that the original nucleozymal replicase was not lost when the first polymerase protein arose, but was retained for making the short gene products. Thus, a distinction between replication and transcription arose. If the nucleozyme had more preference for ribonucleotides than did the primase, this would have caused a gradual divergence in composition between the replicators and transcripts, which might have ensured that RNAase P processed only the latter; if the initiation of early transcripts favored a particular sequence, it could also become partially strand-specific even prior to the origin of protein RNA polymerases and initiation factors-possibly even after this the RNA replicase still served for transcription initiation and was only later replaced by sigma factors.
In discussing early evolution one needs to remember that evolution of translation, transcription, and chromosomes would probably have gone on in parallel, improvements in each allowing the other to become more complex without threatening the life of the protoorganism. Before discussing the expansion of the code further, I need to backtrack a little to discuss the minimal requirements for an organism and the evolution of primordial bioenergetic systems, without which neither the innovations in coding outlined above nor the later expansion of the code could possibly have occurred.
Theory: The Origin of Living Cells
The Concept of an Organism
Living organisms are complex structures that can reproduce and evolve. Reproduction requires a genetic and an assimilatory system. The genetic system mediates information flow from one generation to the next, while the assimilatory system channels the flow of energy and matter that makes complex structure and information flow possible. Organisms show no clear distinction between hardware and software. The genetic system and information are physically embodied in the structures provided by the assimilatory system: reproduction simultaneously involves morphogenesis, genetics, and biochemistry. Thus, organisms are irreducibly made up of three interacting systems: a genetic system, a structural system, and an assimilatory system (comprising three subsystems: trophic, metabolic, and bioenergetic; Cavalier-Smith 1987a). But interaction is a poor term to denote the fundamental interdigitation and sharing of the physical components of these systems. Rather than being separate systems that interact, we might better recognize them as three diverse human perspectives on distinct aspects of a more unified whole: the reproducing organism. They stem as much from the difficulty we have in thinking about more than one thing at a time as from any real discreteness in nature. Intermolecular cooperation is the key to understanding this organismal unity.
The most fundamental type of living organism is the cell. Hundreds of thousands of kinds of organisms consist of single cells throughout their life history. Millions more, like ourselves, are unicellular only for short periods and form complex multicellular organisms for most of their life cycle, usually by adhesion, differentiation, and cooperation of sister cells. As these extra complexities are evolutionarily derived, only unicellular organisms are relevant to the evolution of early life. Present day cells are fundamentally a mutualistic symbiosis of four things: genes (replicators), catalysts, membranes, and a skeleton (Cavalier-Smith 1987a) . Since the nature of cell skeletons changed radically during the late changeover from the ancestral eubacteria to the neomura (Cavalier-Smith 2001b), they are less deeply conserved than the other three components. As membranes themselves can have a skeletal role, a separate skeleton may not have been necessary during the origin of the first cell, so we may treat the origin of the first organism simply in terms of the origin of a fundamental symbiosis between replicators, catalysts, and membranes (Cavalier-Smith 1985 , 1987a . The first entity to evolve such a three-way cooperation of a genetic and an assimilatory system, integrated into a discrete structure capable of integrated growth, division, and infinitely mutable inheritance, was the first true living organism: the proto-organism. As Szathmáry and Maynard Smith (1997) and Szostak et al. (2001) emphasize, organisms are reproducers not replicators. All three organismal systems must be maintained and reproduced to perpetuate life. Death ensues when any fail.
It is inappropriate to discuss the origin of organisms in terms of the dichotomous question of whether replicators or metabolism came first (Segre et al. 2000) . Metabolism and replicators together are insufficient to constitute an organism. I doubt that a symbiosis between replicators and soluble metabolism alone was an intermediate stage in the origin of organisms. The origin of organisms is a threefold problem involving a structural system, as well as genetic and assimilatory systems. In modern cells, the structural system consists of the cell membranes and the cell skeleton. Membranes have three fundamentally integrative roles:
(1) In all organisms, replicators are always attached to membranes during cell growth and coordination between replication and membrane growth and division is crucial to cell reproduction. Complex genetic systems would be impossible without membranes.
(2) Membranes are central to all three parts of assimilatory systems. All trophic systems depend on membranes: heterotrophs rely on them to import organic food, whether by active transport carriers (osmotrophy) or particle ingestion (phagotrophy, eukaryotes only); phototrophy depends absolutely on membranes, as does inorganic chemotrophy; all organisms rely on membranes for importing and sequestering inorganic ions such as K + , Mg ++ , Mn ++ , Ca ++ , or phosphate from the environment. Metabolism (interconversion of organic molecules that are precursors for replicators, catalysts, and membranes) takes place either in the lipid phase of membranes or in the water-soluble phase within compartments bounded by membranes; without membranes water-soluble metabolites would be too dilute for metabolism to have evolved. Membranes are essential for bioenergetics. They are the sites of photophosphorylation and oxidative phosphorylation. They are indirectly essential for substrate level phosphorylation, since without them, neither the catalysts nor their substrates and products could be maintained at functionally useful concentrations. Without membranes, free energy could not be made available to the genetic, structural, metabolic, and trophic systems, so complexity could not evolve.
(3) Finally, membranes are directly crucial for morphogenesis and the evolution of structural complexity. In bacteria, the exoskeleton (the cell wall) that gives all bacteria their form is attached to and grows via highly complex membrane-embedded catalysts. In eukaryotes, the endoskeleton (cytoskeleton of microtubules and microfilaments) gives cells their even more complex shapes by means of specific protein attachments to membranes.
Membranes, therefore, are the crux of the concept of an organism, so much so, that I must reiterate their threefold importance: (1) They provide the basic structure to which replicators and catalysts can both attach, making the whole a higher-level entity (an organism or reproducer) upon which selection can act and, thus, favor intermolecular cooperation rather than molecular selfishness. (2) They provide the physical coupling of the genetic and assimilatory systems. (3) They are the primary mediators of biological form, and are molded into even more complex shapes by the binding and morphogenetic capacities of the cell skeleton.
Molecular biologists have traditionally downplayed the importance of membranes, probably because of the important part that the study of viruses played in the elucidation of replication, transcription, and translation and in shaping the general world view of most molecular biologists (Cairns et al. 1966) . But viruses are the archetypal selfish replicators or genetic parasites; they are not organisms, since they lack both a bioenergetic system and genetic membranes. One could imagine an organism without metabolism, if all needed metabolites were available in the environment (Cavalier-Smith 1987a), but one could not imagine an organism without a genetic system, a structural system, and a bioenergetic system. Note that bacteria that are obligate "energy parasites" (chlamydia) have a genetically determined bioenergetic system, even though they cannot synthesize ATP; this lies in their kinases and other enzymes that use this exogenous source of free energy to drive their otherwise nonspontaneous biosynthetic and assimilatory reactions.
As membranes are so central to all known organisms, the origin of biological membranes must be placed center stage in the origin of the proto-organism. In my view it must have had a membrane, replicators, and catalysts. But was it a cell?
Obcells as Proto-Organisms
Conceptually, the three most important catalysts for the genetic system are the nucleic acid polymerases, peptidyl transferases (i.e. ribosome large subunits), and aminoacyl-tRNA synthetases. The intimate attachment of ribosomes to endoplasmic reticulum cisternae of eukaryotic cells led Blobel (1980) to suggest that with the addition of an RNA replicator they could be a useful model for the origin of the first symbiosis between replicators, catalysts, and membranes. Such an "inside-out-cell," with external ribosomes and replicators, enabled membranes to interact with early replicators and catalysts more easily and under milder conditions than those assumed by encapsulation theories, and yet serve equally well as a unit for higher-level proto-organismal selection (Cavalier-Smith 1985a). Blobel's associated "gastrulation" theory, involving folding and self-fusion to generate a cell with two bounding membranes, provided the first plausible theory of the origin of the double negibacterial envelope. I modified Blobel's concept by suggesting that the ancestral negibacterium was a photosynthetic green bacterium (Cavalier-Smith 1985a) and that the-insideout cell was also the substratum for the origin of photosynthesis and, thus, of the primary coupling between the genetic and bioenergetic systems. I argued that most water-soluble metabolism could not have originated until after the folding-up of the inside-out-cell, or obcell, as I called it, generated the cytosol. I suggested that multigenic chromosomes and a primitive skeleton, mediating both obcell division and chromosome segregation, evolved in the obcell phase of evolution.
Elsewhere (Cavalier-Smith 2001b) I argue that recent studies of the phylogeny of chlorophyll biosynthesis genes are best interpreted as evidence for the ancestral bacterium having been a green bacterium, with the root of the tree of life lying between the sulphur and nonsulphur green bacteria. Coupled with the evidence that Posibacteria (eubacteria bound by a single membrane) are sisters of cyanobacteria and ancestral to neomurans (Cavalier-Smith 2001b) , this lends quite strong support to Blobel's theory of the origin of the negibacterial double envelope and, therefore, to the historical reality of an obcell phase prior to the evolution of the negibacterial cell. In this view, the last common ancestor of life (cenancestor) was a complex green bacterium (CavalierSmith 1985a (CavalierSmith , 1987a , probably with about 2000 genes (Cavalier-Smith 2001b) . The obcell that generated the first cell (the protocell) cannot, however, have been nearly this complex and must have had many times fewer genes. Therefore, we must carefully distinguish between the simple protocell and the complex cenancestor. As  Fig. 3 indicates, the history of life is divisible into seven major phases marked by qualitative increases in organizational complexity and biodiversity: the nucleic acid world; the obcell world; the heterotrophic protocell world; the phototrophic protocell world; the negibacterial world; the negibacterial/posibacterial (eubacterial) world; and the present eubacterial/neomuran world. , except for the origin of life itself, which is an interpolative guess that allows longer for early biological evolution than for pre-organismal chemical evolution; it might have been somewhat later. Specific dates cannot be given for the origin of proto-organisms (the obcell) or of the protocell as they left no palaeontological traces. My guess would be that the nucleic acid world may have lasted less than a million years and that the obcell phase need have been no more than two million years, leaving 17 million years for the complexification of the prephotosynthetic protocell, perhaps substantially more than was really needed. Therefore, the obcell theory is probably, basically correct, but I now modify my detailed treatment of it (Cavalier-Smith 1987a) in four main ways. The first two directly involve obcells in the early evolution of genetic systems and, thus, give them even more significance than before, whereas the others defer the evolution of several characters to the subsequent protocell phase of evolution. I now argue that obcells were not photosynthetic but scavengers of mineral polyphosphates, which powered them prior to the later evolution of photophosphorylation in protocells. These changes simplify the innovatory demands placed on obcells, which were primarily concerned with the evolution of protein synthesis and the coupling of bioenergetics and genetics. Other biosyntheses came later in the protocell.
Firstly, as discussed above, I argue that protein synthesis evolved on an obcell, not in a soluble phase (Cavalier-Smith 1987a) or on a mineral surface.
Secondly, as outlined above, even the evolution of nucleozymal replicases probably took place on surfaces, initially on mineral polyphosphates and then on lipid micelles or membranes. Thus, a purely NA world may have been remarkably short-lived and progressed almost immediately to a NA/lipid world. By adsorption of sister replicators to surfaces, e.g. the same micelle, kin selection for cooperation would be more likely to be able to outweigh selfish replicator selection for molecular parasites (Szathmáry and Maynard Smith 1995) . But such parasitism was not the only threat in the nucleic acid world. Predation by nucleozymes that were nucleases must have been an ever-present reality in the pools or rock crevices where life began. In the population genetics of the NA world, survival was as important as replication. Capping the 3Ј ends of a replicator offered defence against exonucleases.
Thirdly, I no longer favor the view that teichoic acid provided the first skeleton or that peptidoglycan evolved in the obcell phase. The phylogenetic evidence that posibacteria evolved significantly after the primary diversification of photosynthetic negibacteria (Cavalier-Smith 2001b) makes it unlikely that teichoic acids, which are restricted to them, were present in the cenancestor. However, the peptidoglycan murein was almost certainly present in the cenancestor and lipopolysaccharide probably was, also, unless spirochaetes diverged earlier than any other extant lineages (Cavalier-Smith 2001b) . The biosynthesis of all three envelope compounds is exceptionally complex, as is their secretion across the cytoplasmic membrane with the help of undecaprenol phosphate carriers. They are, therefore, much more likely to have evolved in a relatively late phase of protocell evolution after the evolution of amino acid, isoprenoid, phospholipid, and carbohydrate biosynthesis. I suggest that the initial obcell skeleton consisted simply of integral membrane proteins with a major interactive domain lying within the obcell lumen (Fig. 4a) . Such a simple skeleton could have been coded by just one gene, and would have served to protect the cell from osmotic bursting caused by environmental fluctuations that would be almost inevitable in the heterogeneous microenvironments most favorable to the early evolution of obcells (see below). Instead of being mediated by the complex murein, dependent on numerous separate genes, obcell division might have been mediated by a single polypeptide analogous to the GTPase FtsZ, which nowadays divides bacteria and their chloroplast and (some) mitochondrial descendants (Beech and Gilson 2000) , as shown in Fig.  4b ,c. However, only about 80% of the highly conserved FtsZ amino acids that were probably cenancestral were in the obcell code (Table 4) . Therefore, either FtsZ itself evolved after the code was complete or the other 20% were substituted during protocell evolution. If lipid and carbohydrate biosynthesis evolved only in the later protocell phase, the involvement of CTP and UTP, respectively, would have been relatively late. The central involvement of GTP, in both protein synthesis and bacterial membrane division, suggests that GTPases evolved very early to mediate obcell growth (i.e. membrane protein synthesis plus spontaneous insertion of prebiotic lipids) and division.
Fourthly, although photophosphorylation mediated by bacteriochlorophyll and cytochromes must have been present in the cenancestor, I now think it was not the very first bioenergetic mechanism. The early photosynthetic system that I suggested was probably too complex to get started, as it depended on two distinct coded proteins, as well as a light-driven proton gradient postulated to have been independent of replicator sequences. It would have been easier for photosynthesis to evolve if it was preceded by a proto-ecosystem based on the scavenging of polyphosphate and predation on those denizens of the nucleic acid world that had not become obcells. An ecosystem based on the free energy of prebiotic pyrophosphate (Baltscheffsky 1981 ) and higher phosphate polymers (Kornberg et al. 1999 ) is energetically and biologically very plausible, but inevitably quite shortlived. Despite soon becoming self-limiting by exhaustion of the initial inorganic fuel stocks, it could have persisted long enough to allow the evolution of several kinases that could have greatly simplified the evolution of photophosphorylation. I previously suggested that polyphosphate was an energy store in the obcell lumen after the evolution of proton-driven phosphorylation to generate pyrophosphate, the immediate energy source for a membrane-attached kinase that phosphorylated NA and peptide precursors (Cavalier-Smith 1987a) .
Polyphosphate Fuel and Obcell Proto-Ecology
As pyrophosphate and polyP metabolism is universal in cells (Kornberg et al. 1999 ) and both high-energy phosphates can be formed abiotically, they are the most plausible initial sources of free energy to get replication started, which is why Fig. 1 postulated that replication began on the surfaces of high-energy phosphate minerals. They are much simpler than nucleotides and nucleic acids and the enzymes that interact with them are relatively small and simple, too. The two most useful nucleozymes to a replicator in the NA world would be a replicase and a non-specific kinase able to activate nucleotide precursors by transferring phosphate from polyP. For verbal conciseness. I shall not distinguish between soluble oligophosphates, like trimetaphosphate, which can fuel abiotic oligonucleotide ligation (Gao and Orgel 2000) and highly polymerised polyP. Both were probably important. Nucleozymal replicases must have existed or else the code could not have started; there must also have been nucleozymal kinases. As ribozymal polynucleotide kinases have been made by artificial selection (Lorsch and Szostak 1994 ) their chemical feasibility is not in question. Artificial ribozymal pyrophosphatases are also known (Huang and Yarus 1997) ; interestingly, like self-charging tRNA analogs, they also require Ca ++ . The distribution of polyP kinase proteins indicates that they must have been present in the cenancestor (Kornberg et al. 1999) . They reversibly catalyse phosphoryl transfer between polyP and nucleotides. Thus, they can use stored polyP to make ATP or ATP to polymerise phosphate to polyP.
I suggest that polyP kinases and pyrophosphate kinases may have been among the earliest protein-coded catalysts. If there were nucleozymal kinases able to use pyrophosphate or polyP as energy supplies for activating nucleotides and amino acids, then the first bioenergetically useful proteins might have been polyP-binding proteins. Initially, these need not have been the specific polyP-binding proteins found in cells today, as even generalized polyanion binders could have attached polyphosphate to the obcell. Such general polyanion binders would also bind foreign nucleic acids from the NA world. Once the NA world got underway, there might have been more polymerized than free nucleotides in the medium, so an obcell that had a membrane-attached exonuclease, whether nucleozymal or protein, would have a real assimilatory advantage over a simple replicator. Predation by exonucleolytic digestion of other replicators is energetically more efficient than synthesizing nucleotides from free bases, sugar, and phosphate. It seems likely that early obcell membranes grew as much by fusion with other membranes or micelles as by insertion of individual lipids. Such fusion could have combined together nucleozymes and primitive protein-coding genes from different sources in a form of primitive obsex. Such recombination would sometimes greatly speed up the innovation process, but sometimes, as in real sex, it would be disruptive, producing deleterious combinations and facilitating the spread of selfish replicators. Generally, it would be trophically beneficial, but would heighten competition between replicators on the hybrid obcell. Selection to increase an obcell's ability to digest incoming replicators and resist digestion by them would be an important factor in their evolution.
It should be easier to evolve binding proteins than enzymes; since catalysts have to bind their substrates too, binding proteins might often have been precursors of enzymes. These could evolve from them by simply having two adjacent substrate-binding sites or by also acquiring the ability to apply enough force to bound substrates to make or break specific covalent bonds. Two different phosphate-binding motifs are shared by many glucokinases and a variety of ATP-binding proteins and were almost certainly present in the cenancestor. As the most conserved residues in these motifs are all putatively early amino acids, notably glycine, threonine, and aspartic acid (Hsieh et al. 1996) , these two motifs might have originated in an obcell to bind pyrophosphate or nucleotides. A primitive membrane-attached polyP-binding protein would have been simple to code.
A Cool Start for Life
The earth's crust has about 5 × 10 13 kg of phosphate minerals (Deamer 1997) , most in the form of hydroxyapatite, from which heating readily generates both polyP and pyrophosphate (De Graaf and Schwartz 2000) . Polyphosphate is found naturally in hydrothermal areas and there are also natural pyrophosphate minerals. PolyP is so much simpler than ATP and could have done everything for early obcells that ATP now does for cells, so it seems by far the most plausible energy source during the evolution of the code on obcells. The most likely place for the origin of life is not mid-oceanic seafloor vents but terrestrial hydrothermal areas by the seashore where polyphosphate would be generated and readily made available in small salty pools, porous sediments, or protosoils. The recent notion that early life was thermophilic is phylogenetically and chemically unsound; as I explain in detail elsewhere, the cenancestor was almost certainly mesophilic (Cavalier-Smith 2001b) . The obcell may have been mesophilic or more likely psychrophilic.
The greater stability of nucleic acids at low temperatures (Levy and Miller 1998) and the increased ability of shorter chain lipids (the most likely early ones, Deamer 1997) to form membranes at lower temperatures make polar thermal areas at the land sea interface the most likely environment for early obcell evolution (CavalierSmith 1992) . In such places with maximal microenvironmental heterogeneity, periodic freezing, as well as drying, could concentrate precursors without limit. Vast numbers of discrete subglacial or tundra pools could maximize the number of semi-independent attempts for life to start and progress. Group selection between pool populations might occur, by frequent local extinctions and recolonizations, in addition to organismal and kin selection within local populations. Polyphosphates could be generated. A homogeneous oceanic soup would be unlikely to have led to life, because it would neither generate diversity as well as numerous discrete pools, nor provide the best conditions for chemical concentration or selection, or continuously supplying life with energy and concentrated food. Sharp temperature gradients in polar geothermal areas would provide all possible temperature niches. Thermally generated polyP, trimetaphosphate, and pyrophosphate could be repeatedly washed into cooler areas where the obcells competed greedily for them.
Lithophosphorylation
Evolution of kinase proteins able to phosphorylate NA precursors and amino acids from such inorganic donors was probably the key to early bioenergetics and genetics. The trophic status of a scavenging and predatory obcell does not fit neatly into modern categories. For carbon, it was a heterotroph like many cells and for energy, a chemolithotroph unlike any existing chemolithotroph, which are typically autotrophs and (always anaerobic) respirers that depend on electron transport chains, which I now argue is a more advanced character than phosphorylation. The phosphorylation of these obcells was neither oxidative phosphorylation nor photophosphorylation, so did not need an electron transport chain. Nor was it substrate level phosphorylation using organic intermediary metabolites. To emphasize that it needed only inorganic phosphate mineral fuels, and so was independent of electron transport chains and organic metabolism, both very complex, I call it lithophosphorylation. Lithophosphorylation is by far the simplest bioenergetic system using known enzymes. Interpolating a lithotrophic phase of obcell evolution between the ephemeral preorganismal NA world and an advanced photosynthetic protocell makes the obcell theory much more plausible than before by providing it with a remarkably simple energy supply.
I previously suggested that a proton-driven pyrophosphate synthetase, like that in Rhodospirillum (Baltscheffsky et al. 1999), was the first photophosphorylating enzyme (Cavalier-Smith 1987a). As it consists of a single chain, it is much simpler than a proton-driven ATP synthetase and, thus, could have more easily evolved while the code was still poorly developed. It seems possible that its ancestor was a pyrophosphate kinase useful to the non-photosynthetic polyP scavenging obcell. A pyrophosphate-polyP kinase able to make pyrophosphate from polyP and inorganic phosphate, or vice versa, would have been very useful since it could trap readily diffusible pyrophosphate and store it as bound polyP. Having some such kinases on the obcell surface and others in the obcell lumen would be useful for storage of polyP away from competitors and to smooth out fluctuations in its environmental availability. This could be achieved by improving the protein insertion machinery so it could transfer a hydrophilic domain across the membrane while retaining its anchoring tail.
The differentiation between membrane-anchored proteins with their main hydrophilic domain on the ribosomal surface of the membrane and those placing it on the opposite side must have been a key step in the evolution of protein insertion. Possibly, it was initially achieved mainly by different length signal sequences. Those able to span the membrane twice, with two, antiparallel, hydrophobic ␣-helices would be simple membrane anchors for external proteins. Those able to span it, either just once or three times (with one or three hydrophobic ␣-helices), could have their hydrophilic domain on the opposite side of the membrane (Blobel 1980) . If the membrane was thin and this domain was small and not too hydrophilic, all rather likely, it should have been able to move across in an unfolded amphiphilic state and fold up spontaneously on the other side, with the sole driving force being the consumption of GTP by the protoribosome elongating its chain. But to allow larger or more polar domains to cross the membrane, it would have to evolve a hydrophilic pore in association with the insertion machinery like the SecYEG channel now used for secreted proteins.
Photophosphorylating Obcells?
In principle, the addition of an organic pigment able to absorb light and, either directly pump protons across the membrane or do so with the help of small molecule electron carriers, such as quinones or iron sulphide, would be able to pump protons into the obcell lumen and, thus, power a proton-driven pyrophosphate synthetase to yield the first photosynthetic organism (Cavalier-Smith 1987a) . Although it remains possible that this happened in the obcell phase of evolution, two recent developments now lead me to favor a later protocellular origin for photosynthesis instead.
I originally suggested that key active transport enzymes for amino acids and nucleotides, on which the obcell depended, had to evolve in the obcell well before the formation of the protocell, since encapsulation would exclude them because of the impermeability of the membrane. I suggested that these porters might first have evolved to enable precursors to be stored as polymers in the obcell lumen (Cavalier-Smith 1987a). However, it is now known that acyl ester phospholipid membranes, composed of lipids shorter than those in cell membranes, are permeable to the necessary precursors (Deamer 1987) . Therefore, the transition from obcell to protocell could have occurred with much less prior active porter evolution. Such thin membranes, however, would have been permeable to protons also, and so could not have had a chemiosmotic function. If protocells evolved with such permeable membranes, they could not have evolved photophosphorylation or oxidative phosphorylation until after the evolution of metabolism gave rise to longer lipids. Recent studies on the Murchison meteorite indicate that the long chain lipids previously identified were terrestrial contaminants; the genuinely endogenous lipids are relatively short and would be likely to make relatively permeable membranes (Deamer 1997) . Although there is experimental evidence that these abiotic lipids spontaneously generate membrane (Deamer 1997) , there is too little material for permeability studies. Given this new evidence, it is likely that photophosphorylation evolved after the first protocell enabled metabolism to make longer lipids and that obcells were all lithoheterotrophs.
However, the preceding argument is not conclusive, because membranes with different types of lipid will have different permeability properties. We can be reasonably confident that prebiotic lipids were complex mixtures, but we do not know either their chemistry or actual chain lengths, so can only discuss their likely physical properties in general terms. They may well have included both isoprenoids and fatty acids, but there are unlikely to have been glycerol phospholipids, which probably only arose after metabolism.
From Obcell to Protocells: Hemicell Fusion
I originally followed Blobel (1980) in supposing that the protocell evolved by a gastrulation-like folding-up of a single obcell. Another possible scenario is suggested by Szathmáry and Maynard Smith's (1995) suggestion of a stage in obcell evolution where curved obcells were attached to mineral surfaces (Fig. 5a ). I suggest that curved obcells evolved an association with surfaces, like scale insects on a tree trunk, for protection from predators with exonucleases or kinases that could digest or directly utilize their high-energy polymers. The degree of protection would depend on the permeability of the two membranes. Two curved obcells could then fuse to generate a double enveloped protocell with a periplasm. I propose that this happened in two stages (Fig. 5) . First, the curved obcells simply adhered at their margins, held together by interactions between surface proteins that originally evolved to stick them to surfaces. They could have evolved for generations as two adhering hemicells, if the obcell division plane could have been constrained to be consistently orthogonal to the suture line between them. Later, the membranes themselves could undergo true fusion, involving rearrangement of their lipid bilayers, generating a true cell instead of two adhering hemicells. If the hemicells had not evolved the ability to control the plane of their division, then they could not have perpetuated the suture line with its ring of adhesion proteins as shown in Fig. 5e , f. In this case, it would be more probable that the adhesion proteins would simply form small patches, which would have allowed the hemicell membranes to fuse almost at once in between them (Fig. 5 g,  h) . However, I postulate that the adhesins persisted as plugs within the double envelope resulting from this fusion, preventing the complete fusion of the two membranes in exactly the same way as the nuclear pore complexes are postulated to have done during the formation of the nuclear envelope (Cavalier-Smith 1987c , 2001a . These plugs might initially have been freely permeable, but their properties could change gradually as they evolved into the modern Bayer's patches.
This two-stage hemicell fusion theory of the formation of the first cell has the advantage over Blobel's gastrulation theory in deferring total membrane fusion long enough for the evolution of several new proteins that would enable the eventual fusion not to be lethal. In his theory, and also the original obcell theory developed from it (Cavalier-Smith 1985a, 1987a), there was no ad-hesion stage before membrane fusion, so the latter was essentially instantaneous within a single generation. The drastic nature of such a transition from obcell to protocell was the weakest part of the theory, as it would have posed great problems for membrane growth and permeability.
Consider growth first. Obcell membranes grew by incorporating environmental lipids and coded peptidyl tRNAs. Formation of a protocell with two concentric membranes by simple membrane fusion, by whatever mechanism, would have separated the inner membrane from the outer one and therefore from the source of lipids. Without a mechanism to transfer lipids from the outer membrane to the inner membrane, the protocell would soon have died. Negibacteria today transfer lipids in the reverse direction at adhesion zones (Bayer's patches) between the inner and outer membrane. These patches and an associated lipid-transfer mechanism must have evolved during or before the membrane fusion event that created the protocell (Cavalier-Smith 1987a). As I shall explain in more detail in a separate paper, interpolation of a hemicell adhesion stage between the obcell and the protocell could have maintained continuity of the inner and outer membrane bilayers for many generations, during which it could evolve a reliable growth and division mechanism for its envelope, as well as transport mechanisms for nutrients across it, and a soluble metabolism in the proto-cytosol that hemicell adhesion created (Fig. 5) . By allowing a gradual origin for the cell envelope, rather than a saltatory one, as in classical encapsulation assumptions ( . (A) A curved flattened obcell (hemicell) on a polyphosphate surface protecting its chromosomes (C) from predators and some of its oligophosphates and nucleotides from competitors. The skeletal proteins (S) within the protoperiplasm (P) are responsible for the obcell curvature and the adhesin proteins (A) glue it to the surface. For clarity, the hydrophobic tails attaching the chromosomes, ribosomes (R), division protein (D), and skeletal proteins are not shown. Nor are the other attached molecules, which would have included all those shown in Figs. 2 and 4 . If sufficiently dense around the rim of the hemicell, the adhesins could act as domain boundaries, allowing the obcell membrane to be partially differentiated with respect to the proteins attached by its membrane anchor peptides to its concave and convex surfaces, but would probably have had a homogenous lipid composition, as lipid molecules could move freely throughout the topologically single membrane. (B) Hemicell division is mediated by the division protein (D), just as in the uncurved flattened obcell in Fig. 4 . During division the protective chamber below the hemicell becomes leakier as it takes time for the adhesins to anchor the new parts of the rims of the daughter cells to the substratum. During division, the primitive domain boundary between the concave and convex surfaces would probably also have broken down, so they would not remain continuously differentiated, unless some of the molecules on the concave surface were anchored to the mineral surface as well as to the membrane. (C) Adhesion of two cup-shaped hemicells (possibly sisters) at their rims mediated by the adhesins enables more complete protection and less loss of oligophosphates during division and creates the ancestor of the protocell. Adhesion can be firmer than on surfaces without impeding growth and division. A true cytosol is formed for the first time. The obcell membrane can differentiate into a permanently distinct inner cytoplasmic membrane (cm) and outer membrane (om) if the adhesin domain boundary persists. (D) Division by the same division protein can constrict the cell and force both the inner and outer membranes to fuse, rearrange, and divide without leakage of the protocell contents. If the hemicell had already evolved a mechanism to ensure that its division plane divided it approximately equally, orthogonally to the substrate surface and plane of the adhesin ring, this could continue in the protocell. A continuous adhesin ring is shown in side view in (E) (dense line) and in (F) as seen from above, looking in the direction of the arrow in (E). If the ring was initially discontinuous or subsequently fragmented into pieces, the inner and outer membranes could undergo fusion around them to form a fenestrated double envelope topologically identical to the nuclear envelope of eukaryotes. The adhesin fragments remained as plugs (grey hexagons in G, H) preventing total fusion of the inner and outer membranes, ensuring that lipids could initially move freely between them. The plugs evolved gradually into the modern Bayer's patches. fusion theory will help us to understand the origin of the first cell as a gradual evolutionary process extended over numerous generations, rather than imagining a magical act in one alone. Now consider permeability. If the obcell membrane had been as impermeable as a chemiosmotic mechanism would require, active transport enzymes would have had to be sufficiently functional at the start for it not to die of starvation (Cavalier-Smith 1987a) . The conversion of a semipermeable obcell to a semipermeable protocell avoids this problem. Provided the lipid chains were not too long, closure would merely slow down nutrient entry somewhat, rather than prevent it. Thus, it would provide a novel selective advantage for the evolution of facilitated diffusion and active transport enzymes, which, from the outset, would be correctly oriented, so no drastic change in membrane function would be necessary during the transition.
Of course, unless there was a countervailing selective advantage in closure, such protocells would be selected against because of the lower permeability. Two such advantages are obvious. The lower permeability means that useful precursors are less likely to escape. The closure protects the genome and ribosomes and other catalysts from digestion by competitors and also from invasion by selfish replicators at least as well as simply sticking to surfaces, but has the compensating advantage of exposure to small food molecules all around.
Metabolism could only have evolved after the formation of the protocell, which, as suggested above, was probably a lithoheterotroph. It probably started, as in classical theories, with the origin of enzymes able to convert abundant unused prebiotic organics into useful ones in a single step, with selection being strongest for enzymes able to make the metabolites most rate-limiting for growth. But selection for efficient uptake and reducing losses of metabolites would have been just as important and more quickly effective. Initially, the protocell would have been permeable to pyrophosphate and probably also trimetaphosphate, but would be isolated from the longer polyphosphates. I assume, as before (CavalierSmith 1987a) , that the obcell had already evolved the capacity to store polyP in its lumen by polymerisation and depolymerisation. If, as suggested, there were also polyP kinases on the ribosomal face of the membrane, now in the cytosol, these could more usefully store the polyphosphate there, where it would be directly available to polyP kinases and protected from competitors. Formation of hydrophilic pores in the outer membrane, analogous to porins, big enough to allow the ingress of environmental oligophosphate would allow the periplasmic polyP kinases to be retained to digest it to pyrophosphate, so that much of the product could diffuse into the cytosol and be trapped there by polymerisation or used directly for phosphorylation.
Such pores would allow foreign NA also to enter the periplasmic space, where it could be digested by nucleases. Thus, the periplasmic space would become an external "gut," enabling the protocell to consume the genomes and ribosomes of obcells until they became extinct (just as obcells had earlier consumed and caused a mass extinction of free replicators). Since polyP naturally combines with ␤-polyhydroxybutyrate and Ca ++ to form hydrophilic voltage-gated pores in the cytoplasmic membrane (Das et al. 1997) , it is possible that, initially, the pores might not have been of protein. More likely, however, they were protein precursors of porins. If, at this stage, there was only a thin membrane skeleton in the periplasmic space, they could have been secreted across the cytoplasmic membrane without being liberated from it by a signal peptidase, as occurs today. Signal peptidases eventually must have evolved as the periplasmic gut acquired more and more digestive enzymes and also more nutrient-and cation-binding proteins, making it advantageous to let them diffuse more freely within the periplasm, so as to sequester food more efficiently. Since peptides would be available both from living obcells and from dead obcells and protocells, these enzymes would have included membrane-attached proteases, one of which was probably the ancestor of the signal peptidase.
Problems with Surface "Metabolism"
Unlike Szathmáry and Maynard Smith (1995) , I do not think that the curved obcells that I suggest fused to form the protocell could have arisen by the generation of "semicells" in a pre-NA iron-sulphur world (Wächters-häuser 1988) . The terms "surface metabolism" and "semicells" (Wächtershäuser 1988 ) are misnomers. Metabolism is a biological concept: the interconversion within a cell of organic precursors of the macromolecular constituents of the cell-its genome, membranes, and catalysts. Chemical reactions on a surface in the absence of replicators, membranes, or encoded catalysts are not biological processes at all, but simple geochemistry. No organism is involved, and organismal selection cannot occur and give rise to progressive increases in complexity. Like the thio-ester world of De Duve (1991), these purely geochemical processes could not be converted directly into metabolism by the evolution of coded catalysts by any mechanism known to us. At best they could have provided chemical precursors for the origin of life. But even this is doubtful, for it is unlikely that many of the purely hypothetical reactions suggested would be quantitatively significant compared with the almost infinite possibility of competing ones in a gene-free world (Orgel 2000) . Some discussions of the evolution of the code build heavily on Wächtershäuser's idea that protoorganisms were autotrophs and even fixed nitrogen (Davis 1999) and use this dubious assumption as a basis for trying to work out the order of codon assignment. It is also a mistake, albeit a widespread one (e.g. Woese et al. 2000) , to assume that archaebacteria are ancient and have anything to tell us directly about the nature of early life or the origin of the genetic code. As I detail elsewhere (Cavalier-Smith 2001b), the evidence is overwhelming that archaebacteria and eukaryotes are about five times younger than eubacteria and evolved from posibacteria. The last common ancestor of life (cenancestor) was, thus, an exceedingly complex eubacterium (Cavalier-Smith 2001b) and nothing like the progenote of Woese and Fox (1977) or the surface "organisms" of Wächtershäuser (1988) .
Wächtershäuser's surface-bonded molecules are not organisms at all but purely chemical entities. They lack both replicators and the discreteness of obcells that allows them to reproduce as a unit and experience higherlevel selection allowing the evolution of complexity. His suggestion that isoprenoids might have been synthesized autotrophically on surfaces is purely notional and presumably motivated by his belief in the mistaken dogma of the great antiquity of archaebacteria, which have isoprenoid membrane lipids. Even if such chemistry existed, which is dubious, the idea that such lipids could lift off and generate cells in the absence of genes (Wächter-shäuser 1988) is pure science fiction, as are his views on the origins of the three domains of life. The idea that the separation between the isoprenoid membranes of archaebacteria and the acyl ester membranes of eubacteria and eukaryotes was "the first instance of speciation in the history of life," and took place before the evolution of genes and proteins, astoundingly ignores all we know of the cell biology and genetics of bacteria-fundamentally the same in eubacteria and archaebacteria (CavalierSmith 2001b) . The phylogenetic evidence that the cenancestor had acyl ester lipids is compelling (CavalierSmith 2001b) . The notion that even eukaryote cells evolved directly from a prebiotic membrane that lifted off the surface of a pyrite crystal (Wächtershäuser 1988) is also absurd, being directly refuted by the palaeontological evidence (Cavalier-Smith 2001b ) and all we know of eukaryotic cell biology (Cavalier-Smith 2001a , where the recent origin of the eukaryote cell is treated in detail).
It was unwise to "deny the pre-existence of any arsenal of organic building blocks for life (such as amino acids)" (Wächtershäuser 1988) , when the study of carbonaceous meteorites has proved their historical existence (Deamer 1997; Maurette 1998 ) and laboratory experiments have demonstrated the relative ease of abiotic synthesis of many amino acids , a constituent of redox coenzymes (Cleaves and Miller 2001) , and NA polymers (PNA, not RNA, Nelson et al. 2000) . Pyrite synthesis from hydrogen sulphide and ferrous irons, the center of Wächtershäuser's scheme, though thermodynamically plausible, appears not to be kinetically feasible for CO 2 reduction, although it would be capable of reducing CO and several other carbon compounds (Schoonen et al. 1999) . Despite the implausibility of the pyrite scenario for the origin of cells, Bernal's thesis that catalysis on mineral surfaces could have played a key role in the prebiotic generation of the raw materials of life deserves much more intensive study. Polymerization on surfaces was probably the major generator of polymers in the NA world . Prebiotic catalysis on mineral surfaces might have generated some of the lipids required by the obcell theory. But if it did, they were abiotic precursors of life, not life itself. We should also be open to the possibility that some surface reaction might have been able to generate cysteine, not autotrophically, as Wächtershäuser suggested, but by modification of another amino acid from the chilled dilute prebiotic soup. If this could happen on a sufficiently large scale, cysteine, a key to much redox metabolism, might have become coded earlier than argued here.
The Greening of Life: Photosynthetic Protocells
Reconstructions of the diversification of the photosynthetic reaction center (Vermaas 1994) , and much other phylogenetic evidence, strongly indicate that the cenancestor was an autotrophic green bacterium with a homodimeric photosynthetic reaction center like that of the green sulphur bacterium Chlorobium and chlorosomes as secondary antennae (Cavalier-Smith 2001b) . The cenancestral reaction centre included an F x -type Fe 4 S 4 iron-sulphur center, which was lost during the significantly later origin of the oxygenic photosystem II reaction center of cyanobacteria and independently in purple bacteria and aerobic green bacteria (CavalierSmith 2001b) . The cenancestral reaction centre (which included bound quinones, bacteriochlorophyll, and bacteriophaeophytin) must have evolved prior to the cenancestor in a protocell. So would ferredoxin, flavoprotein, and NADPH, which transfer reducing power from it to enable CO 2 fixation. The primary reductant was probably either H 2 S or H 2 , both provided (with CO 2 ) by volcanic gases in cold volcanic regions most favorable for early life.
I suggest that this electron transfer chain was preceded by a simpler one in which electrons were transferred directly from a proto-ferredoxin iron-sulphur protein to nicotinamide, that could have been prebiotically synthesized (Cleaves and Miller 2001) , and thence reduced the CO 2 fixation product. Since bacteriochlorophylls are made by the very complex isoprenoid pathway, with numerous enzymes and complex coenzymes, one must also postulate that a biosynthesized reaction center was preceded functionally by prebiotically-made porphyrins. If, even in the absence of reaction center protein, these could absorb light and transfer excited electrons to an ancestral ferredoxin, albeit very inefficiently, the only coded innovation needed to initiate the photosynthetic electron transport system would be a primitive ferredoxin (Cavalier-Smith 1987a) . But this reducing power would have no advantage unless it was used to fix CO 2 or nitrogen, to reduce lipid precursors to make membrane lipids or to power phosphorylation. We can only guess which of these four provided the selective impetus. It would depend on which was limiting for obcell reproduction and which was easiest to evolve at that stage. My hunch is that CO 2 fixation would have had the greatest spread of useful effects; since it could have arisen by the formation of only two enzymes (a carboxylase and a reductase), their origin, plus that of a protoferredoxin, could have been enough to start photosynthesis mechanistically and also provide a sufficient selective advantage for its steady improvement.
As the obcell prey and prebiotic organics became increasingly depleted and intermediary metabolism steadily became more complex, sooner or later a carboxylase enzyme able to fix carbon dioxide arose, and made autotrophy eventually possible. As bacteria have several such enzymes, we do not know which came first. I once interpreted this diversity as evidence that autotrophy evolved polyphyletically after the cenancestor, suggesting it was a heterotroph without rubisco (Cavalier-Smith 1987a) . Recent evidence that the root of the tree of life lies between the two groups of green bacteria (CavalierSmith 2001b), neither of which has rubisco, implies that rubisco is found in two distinct clades: the posibacteria/ archaebacteria/cyanobacteria, on the one hand, and proteobacteria on the other. This suggests (unless the tree is wrong and they really form a single clade) that the cenancestor had rubisco and that it was lost by green bacteria and spirochaetes or that rubisco evolved in one clade and moved to the other by lateral gene transfer. As there is evidence for a relatively recent lateral gene transfer of rubisco between these two clades (Paoli et al. 1998) , it is possible that it occurred also in their early evolution; however, we should bear in mind that lateral gene transfer by replacement of a functionally equivalent activity, as in this case, may be intrinsically easier than acquiring a new function. Loss of rubisco has also probably occurred, as it is absent from the posibacterial heliobacteria, but was almost certainly present in the common ancestor of cyanobacteria and posibacteria. That green sulphur bacteria fix CO 2 by a reductive tricarboxylic acid (TCA) cycle and aerobic non-sulphur green bacteria use a different mechanism does not necessarily mean that their common ancestor could not fix CO 2 . I suggest that, since a potential for a reductive TCA cycle exists in all anaerobic photosynthesizers, it was also found in the cenancestor. However, it is likely that rubisco was also present, as the deep divergence between the proteobacterial and the cyanobacterial/posibacterial variants of type I rubisco is simplest to explain if the cenancestor already had rubisco.
Isotopic fractionation by carbon-fixing enzymes leaves traces in fossil organic matter. Depletion of 13 C compared with 12 C is greater by rubisco than by the reductive TCA cycle. The relatively strong depletion back to about 3.5 Gy ago (the most likely date for the cenancestor, see Cavalier-Smith 2001b) is normally interpreted as evidence that rubisco was the major carbon fixer ever since then. The weaker depletion of 13 C in organic carbon in the period 3.5-3.8 Gy ago could be caused by enrichment caused by heating of these partially metamorphosed rocks (Strauss et al. 1992) or by the reductive TCA cycle having a relatively greater importance than subsequently. I suggest that both effects were responsible and that rubisco and reductive TCA cycles were both used by protocells during that period. Especially when metabolism was beginning and pathways inefficient, it could have been more advantageous to add a second carbon-fixing enzyme than to slightly improve an existing one. Just as early steam ships also used sails, so early photosynthetic protocells may have evolved multiple pathways of carbon fixation. Probably the first protocell rubisco was not the currently widespread multisubunit type I rubisco, but a simpler, smaller single polypeptide type II rubisco now found only in dinoflagellates and some proteobacteria. After type I rubisco evolved, both were retained by the cenancestor, but the primitive type II version was lost from the posibacterial/cyanobacterial lineage following the basic eubacterial bifurcation (Cavalier-Smith 2001b) . Several differential losses of both types and some lateral transfers can explain their present distribution (CavalierSmith 2001b) .
If photosynthesis started with prebiotic membraneembedded porphyrins, the efficiency of electron transfer to ferredoxin could have been improved by the evolution of an iron-sulphur porphyrin-binding protein, perhaps by duplication and extension of the ferredoxin gene, to form the ancestral reaction center protein. A richer metabolism probably then developed rapidly. A great variety of potential coenzymes was probably generated by sloppy enzymes catalyzing multiply-branched pathways with low selectivity. Among these were flavins, forming the first flavoprotein that eventually interpolated as an electron carrier between ferredoxin and nicotinamide.
If bacteriochlorophyll-based photosynthesis were preceded by the use of prebiotic porphyrin pigments, the origin of photosynthesis would not have depended on the prior evolution of isoprenoid biosynthesis (also needed for carotenoids and cytochromes), as does the carrier mechanism for secretion of peptidoglycan and lipopolysaccharide. All these biosynthetic pathways probably evolved only after photosynthetic carbon fixation allowed the more central features of intermediary metabo-lism such as the TCA and pentose phosphate cycles and the biosynthesis of the simpler amino acids, purines, and pyrimidines to evolve.
Origin of Metabolism: From Heterotrophy to Autotrophy
The phylogenetic evidence that peptidoglycan, and probably even lipopolysaccharide, were present in the cenancestor and the tremendous metabolic complexity of the cenancestor (Cavalier-Smith 2001b) would be hard to explain unless there was a very abundant supply of polysaccharide prior to their evolution. The sheer complexity of intermediary metabolism that the cenancestor must have had also implies that carbon fixation and autotrophy had evolved by then. Carbon dioxide fixation and reduction might have evolved in an energetically lithotrophic protocell before photosynthesis, using a reductant like hydrogen or hydrogen sulphide; a primitive form of anaerobic respiration not needing trans-membrane proton gradients or phosphorylation would have been thermodynamically possible in the geothermal environment envisaged for the origin of life where sharp redox gradients existed for the protocell to use. Alternatively, CO 2 fixation might initially have been driven by light. Whichever was the primary energy source, much more than carbon fixation is needed to evolve autotrophy: it involved the origin of an autocatalytic and self-sustaining metabolism with hundreds of steps. Initially, the heterotrophic protocell may have primarily developed active transport enzymes to import rate-limiting precursors from the prebiotic soup (Cavalier-Smith 1987a) . The shift to autotrophy must have been quite gradual with novel enzymes being added and redundant transporters being lost or converted into enzymes.
There is no good reason to think that metabolism evolved stepwise (Horowitz 1945) . Instead, it is more likely that many pathways evolved by the simultaneous addition of several enzymes initially of broad specificity to build up a complex metabolic web (Jensen 1976; Cavalier-Smith 1987a; Lazcano and Miller 1999) . Simultaneous improvement of active import and of cytosolic enzymes would have generated a complex cytosolic soup of organic molecules, much richer than the external prebiotic soup. In this concentrated internal milieu, these molecules would undergo numerous spontaneous reactions that would have been much less likely in the dilute prebiotic soup, generating both useless and potentially useful intermediates with all manner of unavoidable side reactions. Gene duplications would rapidly expand the number of possible enzymes and enable their specificity to be narrowed down progressively, the most useful features of the primordial metabolic web being increasingly emphasized. From this internal soup, enzymes would extract useful precursors for making proteins, nucleotides, and lipids, and also bind some of them as coenzymes, whenever this improved their efficiency. The whole system would evolve as a unit analogously to the formal schemes of Ycas (1955) , Dyson (1985) , and Kauffmann (1993) , but with the absolutely crucial difference that it was from the first enclosed within a discrete cell envelope, containing also the replicators that encoded the catalysts, and thus, formed a selectable unit able to compete with others for nutrients and energy. The greatest selective advantage would have been for improving enzymes catalyzing the most rate-limiting steps for overall growth. The origin of metabolism has similar chicken and egg conceptual problems as the origin of protein synthesis, because of its autocatalytic character; e.g. in modern systems coenzymes may be required in early steps of their own synthesis or those of others.
If light-driven proton gradients depend on cationimpermeable membranes, perhaps photophosphorylation mediated by such gradients could only have evolved after metabolism became complex enough to synthesize long lipids. Possibly, therefore, light was initially only used to supply reducing power for carbon fixation and lipid synthesis. The evolution of carbon dioxide fixation itself only required a source of reducing power and two enzymes. Considerable progress along the road to autotrophy may have been a prerequisite for the evolution of photophosphorylation, not the reverse previously suggested (Cavalier-Smith 1987a) . If so, the first photosynthetic protocell carried out lithophosphorylation and photoreduction. Photophosphorylation later came to free its descendants from polyP dependence, allowing them to colonize the oceans and wider terrestrial and freshwater habitats without polyP. At some stage the first cytochrome c, able to accept electrons from ferredoxin and donate them to the reaction center, would have evolved and attached to the reaction center (Oh-Oka et al. 1995) , enabling cyclic electron flow and the generation of a trans-membrane proton gradient able to power phosphorylation for the first time.
Theory: Expanding the Genetic Code
Adding Novel Coded Amino Acids: Flawed Paths
The order of codon assignments to novel amino acids following their provision by biosynthesis, which protocell metabolism allowed, may have depended, in part, on the order in which new amino acids became available. But I do not think it reasonable to use a quasirecapitulationist argument based on metabolic pathlengths (Davis 1999) to try to gauge an elaborate sequence for such changes. It is likely that several pathways evolved in parallel, but we cannot readily determine the sequence in which novel enzymes arose, as it is too scenario-dependent. Even if we could, path lengths are even less likely than the branch lengths of phylogenetic trees to be related simply to time, which have now been totally discredited as regular timekeepers. Nor can we reasonably pick out "fossil" proteins from which to argue the case (Davis 1999). To say that glutamine synthetase is "among the earliest known enzymes" and to conclude that glutamine made an early entry in the code, just because of evidence that it was present in the cenancestor (Davis 1999), is unsound.
We can use reasonably rigorous phylogenetic arguments to reconstruct the nature of the cenancestor (Cavalier-Smith 2001b), which was much more complex than often supposed (Woese 1998; Woese et al. 2000) . But we cannot use cladistic reasoning based on the properties of known organisms to tell us the order of events prior to that. In my view, the cenancestor probably encoded at least 1500 different enzymes, so they cannot all have been early: this high number arises because the cenancestor probably had virtually all the phenotypic properties of Chlorobium (Cavalier-Smith 2001b), and thus, a similar genome size (2.1 Mb, Naterstad et al. 1995) and about 2000 genes in all. The concepts of the cenancestor and the proto-organism have been repeatedly confused in evolutionary discussions. The tremendous difference in complexity between them (Arrhenius et al. 1999 ) can be conceptually filled by contrasting ideas of the obcell and the protocell and their distinctive contributions to the growth in biological complexity. I have deliberately avoided applying the common term protocell to the obcell, the first organism, since it was not the first true cell, but a precursor of it. All cells are organisms, but not all organisms are cells. Often, when others have used the term protocell, they have actually meant the first organism; if the obcell theory is correct, they are not the same.
Davis argues that the presence of conserved glutamine and asparagine in a 29 amino acid pre-duplication ancestor of ferredoxin argues against the classical Oparin/ Haldane heterotrophic origin of life because these amino acids are not found in meteorites or amino acid mixtures produced by spark discharge. He takes this as evidence for Wächtershäuser's iron sulphur autotrophic world, which claims that these amino acids could have been produced abiotically on pyrite surfaces. Glutamine synthetase had certainly evolved prior to the cenancestor and may well have evolved prior to the completion of the code. However, on the present scenario, it probably did so during the changeover from primary heterotrophy to autotrophy in the protocell, not in the heterotrophic obcell. I agree with those who think the small size, restricted amino acid composition, and usefulness of ferredoxin suggests that it may have been a relatively early redox protein. But just how early was it? Davis assumes that the presence of highly-conserved cysteines in ferredoxin means that cysteine was used relatively early and that several unused hydrophobic acids were relatively late. But the time of origin of ferredoxin relative to the completion of the code is largely guesswork. Wächter-shäuser's suggestion that its sequence evolved on inorganic iron sulphur surfaces prior to the evolution of either replication or translation and was then mysteriously inherited by the NA/protein world is incredible. Given that cysteine is not found in meteorites, nor has been made under plausibly prebiotic conditions, it is more reasonable to use this as evidence that ferredoxin evolved after cysteine biosynthesis arose during the initial phase of protocell evolution. Given its key importance for photosynthesis and nitrogen fixation, this suggests that both processes evolved after obcell closure and the beginnings of central metabolism. I suspect that nitrogen fixation did evolve at the protocell phase, but see no necessary reason to think it did so prior to the completion of the code, contrary to the assumption of Davis (1999) based on Wächtershäuser's untenable autotrophic scheme.
Expanding the Code: Codon Capture in Protocells
The obcell code could have expanded into the modern code simply by codon capture by newly available biosynthesized amino acids by means of the duplication of tRNA and aminoacyl-tRNA synthetase genes and slight modifications to their specificity. All such changes were conservative with respect to the hydrophobicity/ hydrophilicity spectrum. Nearly all the new amino acids became encoded by occupying unassigned codons with no harm to existing proteins. Once an aminoacyl-tRNA with a new anticodon and a new codon came into being, it would act as a supressor of one class of base substitution mutations and immediately reduce the mutational load. Many of the resulting substitutions would be neutral, and some beneficial or harmful. The improved catalytic activities of enzymes provided the selective force for this, in keeping with the much greater importance of catalysis during the metabolic expansion of the protocell, compared with the simple membrane anchors that dominated the evolution of the obcell.
Five new amino acids (phenylalanine, tyrosine, cysteine, histidine, and asparagine) were probably assigned new codons by the evolution of tRNAs with novel GNN anticodons in the same way as in the expansion of the obcell code. As in that case, wobble would have allowed rapid messenger divergence so that each amino acid would have two new codons, one ending in C and one in U. They never acquired more than these two codons. Five new amino acids, tryptophane, lysine, glutamine, arginine, and methionine may have been introduced by adding six tRNAs with CCN anticodons, probably including both CCG and CCU for arginine, yielding the 20 amino acid code shown in Table 5 . Presumably, one of the arginine codons was ancestral and the other derived. Tryptophane captured UGG by a CCA anticodon, but never more codons. The idea that tryptophane once also used a UCA codon ) is not parsimonious. Only methionine captured an already assigned codon, the initiator codon AUG. Its replacement of isoleucine at the N-terminus was substantially more in-volved (see below). With the almost minimal use of CNN anticodons shown in Table 5 , 38 of the 64 codons would have been used for amino acids. As discussed above, mutation pressure could have introduced up to seven further CNN anticodons, so probably no more than 45 codons were read by this time, using only GNN and CNN anticodons. If UAA and UAG were stop codons, almost three-quarters (47) of the codons could have been used; however, some of the amino acids might not have acquired CNN anticodons (see below). Although the CGY codons could, in principle, have been captured by a GCG anticodon, the remaining 15 NNA codons could probably have been used only after metabolism became sophisticated enough to allow complex post-transcriptional modification of tRNA and new types of anticodon. If the genome had retained its early GC bias up till then, mutations or transcriptional errors making NNA codons that would cause translational stalling would not have been a great burden. But if mutation pressure changed, favoring more AT-rich genomes, then selection would have favored the evolution of U anticodons. Some of the complex modification of tRNA bases arose then to achieve this; previously, the organism's metabolic capacities would have been too limited to allow it.
Two amino acids became able to use an NNA codon in a different way. Arginine was able to capture three codons simultaneously by the evolution of a novel tRNA with ICG anticodon that could pair with CGU/C/A. This was made possible by the evolution of the HRT enzyme able to convert an ACG codon to ICG post-transcriptionally. I suggest that this oddity evolved because of the historical accident that a CCG anticodon evolved for arginine before a GNN anticodon did, in contrast to all the other amino acids now with 3-6 codons. Possibly the arginine CCU anticodon evolved first from the lysine CUU anticodon (which in turn might have come from isoleucine's CAU), and then gave rise to the CCG anticodon. Isoleucine was able to capture the AUA codon by attaching a lysine side chain to the C of its CAU anticodon , which probably evolved in the obcell, to yield a *CAU anticodon. Isoleucine could not capture its NNA using a *UNN anticodon, as other amino acids, except arginine, did (see next section), because methionine had previously captured the AUG codon, which *UAU would also read. I suggest that the *CAU anticodon evolved soon after methionine captured the AUG codon before the original isoleucine CAU tRNA was lost. The suggestions that AUR was once read by *UNN and the arginine CGR anticodons once were by GNN and *UNN anticodons ) are unnecessary complications motivated by a belief in an intermediate GNN/UNN doublet code with no CNN anticodons, which probably never existed.
When new amino acids were added to the code by capturing unused codons, the duplicated tRNAs that did this must have changed their charging specificity as well as their anticodons. Even if the earliest tRNAs were self charging, expansion in coding capacity was probably mainly mediated by novel aminoacyl-synthetases tRNA, whether nucleozymes or proteins. If, as now, these recognized not only the anticodon, but also the discriminator base adjacent to the terminal CCA, then the origins of tRNAs for additional amino acids probably sometimes involved changes in this base. Adding tRNAs with redundant anticodons (CNN or *UNN) would not have needed changes in the discriminator base, but the amino acyl-tRNA synthetases would have to become more relaxed in recognizing the first anticodon base. Possibly, such relaxation was a reason for replacing early nucleozymal synthetases by proteins; replacement might have been associated with the evolution of numerous *UNN anticodons.
U and Non-U Anticodons: Wobble Limitation
Except for the highly reduced and exceptionally AT-rich mycoplasmas, eubacteria do not normally use either ANN anticodons or UNN anticodons. Instead, they use *UNN anticodons, where *U is a post-transcriptional derivative of U that pairs with fewer different bases than would U itself Osawa et al. 1987) . In mycoplasmas and mitochondria, a UNN anticodon can pair with all four complementary codons because of four-way wobble. In some *UNN anticodons *U is a derivative of 2-thiouridine, which pairs predominantly with A rather than G. In conjunction with a CNN anticodon for the same amino acid, this allows both an NNA and an NNG codon to signify the same amino acid, for example, glutamine, lysine, and glutamic acid. The selection of a modification with this preference for A supports my suggestion that for such two codon sets the CNN anticodon was introduced first to read NNG codons in a GC-rich genome and the *UNN anticodons later in response to AT pressure primarily to read NNA codons. Before such modification, a UNN anticodon would have read both NNR and NNY codons. When a tRNA with such an anticodon first evolved, it would introduce the incorrect amino acid into a proportion of the NNY positions, if charged with that appropriate for its later use as a *UNN anticodon, unless this modification enzyme had first evolved to provide a *UNN anticodon for an amino acid, such as alanine, having both a GNN and a CNN anticodon, and was then used also for amino acids having only a CNN anticodon. Alternatively, it might first have evolved for glutamic acid, since the temporary substitution of aspartic by glutamic residues might have been less harmful than, for example, replacement of asparagines by lysines, or histidines by glutamines.
However, in the *UNN anticodons for valine, serine, threonine, and alanine, *U is not the 2-thiouridine derivative, but a derivative of 5-hydroxyuridine which pairs with A, G, and U . Possibly, this modification first evolved for amino acids that had not evolved tRNAs with CNN anticodons, as it would enable them to read all four codons differing only in the third base position. The selective force for the modification of U in these cases is more subtle, since an unmodified UNN anticodon would not have inserted the incorrect amino acid. Perhaps the driving force was the weakness of a UC base pair compared with a GC one, leading to the retention and preferential use of the GNN anticodons for NNC codons. Some amino acids might never have acquired tRNAs with CNN anticodons, others might have lost them after *UNN anticodons evolved. Once they evolved, *UNN anticodons would be retained to read NNA codons, though some might be lost through GC pressure in exceptionally high GC organisms. Origin of *UNN anticodons made all but three CNN anticodons redundant. They would be lost in very AT-rich organisms like mycoplasmas, but retained (or increased) to varying degrees in more GC-rich ones, because of the greater efficiency of GC over GU pairing.
A third type of *U modification that pairs with A alone evolved to make the *UCA anticodon for selenocysteine (see below). As for isoleucine, neither of the other *U modifications would have been suitable, since the prior capture of the UGG codon by tryptophane precluded their use.
I have argued that the modified *U, *C, and I anticodons evolved last. I assume that all early tRNA and rRNA must have worked with the four standard bases without modification, which now requires complex metabolism. Peptidyl transferase has been shown to work well without the usual modifications (Green and Noller 1999) . Being able to dispense with posttranscriptional modification should be a basic feature of any plausible early code. This, coupled with the evidence that early genes may have been GC-rich, is why I think CNN codons preceded *UNN ones, in contrast to Jukes et al. (1987) who suggested that UNN codons (which bacteria do not use) came before CNN ones (as most do). The pathway of codon expansion postulated here involves only specific intermolecular interactions of the sort used by the present code, gradual increases in complexity via explicit intermediate stages, and specified selective advantages. The probability that the code might have instead emerged by chance interactions between abiotic polynucleotides and uncoded polypeptides (Alberti 1997 ) seems infinitesimal.
Punctuation and Selenocysteine
Presumably, methionine became the initiator, not for its own virtues, but because the initiator machinery in the obcell had previously become dependent on the isoleucine CAU anticodon. I argued above that the obcell coded internal isoleucines separately using the GAU anticodon. As methionine managed to capture only the initiator codon, such discrimination was impossible; instead the formyl-methionine system arose to achieve it, with N-formylmethionyl-tRNA gaining direct entry to the ribosomal P site and methionyl-tRNA becoming able to access the A site. In contrast to all other codon captures, the tRNA duplication that made it possible was not followed by a change in anticodon; a change in the discriminator base alone was probably sufficient to allow charging by methionine rather than isoleucine. Thousands of millions of years later, formyl-methionine labeling was itself abandoned by the ancestor of neomura (archaebacteria and eukaryotes), which evolved novel initiation factors, including the only protein in the living world with the amino acid hypusine, formed from lysine in two steps mediated by protein enzymes (CavalierSmith 2001b) . Clearly, initiation underwent several successive changes in the history of life.
Retention of the isoleucine GAU tRNA meant that no internal isoleucines were replaced by methionine. It appears that the novel N-terminal formylmethionine was harmful to many proteins, as most are deformylated by the enzyme peptide deformylase; in some cases the remaining methionine is also removed by methionine aminopeptidase. The changeover in the protocell to Nformylmethionine initiation was probably more complex than the origin of isoleucine initiation in the obcell. The formyl-methionine system is so complex that it must have evolved after complex metabolism mediated by coded proteins, and have replaced a simpler system, as proposed here. We should regard the ancestral eubacterial code as encoding 22 amino acids ( Table 6 ) and the derived neomuran one as encoding 21, not just the traditional 20.
Selenocysteine, the twenty-second, coded amino acid (Atkins and Gesteland 2000) , was probably the last amino acid to be encoded. It did so by acquiring its own tRNA, just as other amino acids, but instead of capturing unused codons or displacing another amino acid, it fac-ultatively uses UGA codons, which usually signify termination. Selenocysteine almost certainly first became encoded by the modification of serine while bonded to one of its tRNAs; it is possibly the only amino acid added to the code in this way, which Wong (1975) postulated was the predominant method. In all cells, a selenocysteinyl-specific elongation factor recognizes the selenocysteinyl-tRNA by binding to it. In eubacteria this specialized elongation factor (SelB) also binds to a stem loop immediately following the UGA, a recognition motif known as SESIS, thereby directly placing the selenocysteine in the correct position for peptide bond formation by the large rRNA ribozyme. Elsewhere I argue that this relatively simple mechanism had evolved prior to the cenancestor and that the much more complex system of neomura is a derived secondary adaptation to thermophily that replaced it very much later (Cavalier-Smith 2001b).
There are now two different eubacterial termination release factors (peptidyl-tRNA hydrolases, Ito et al. 2000) , which have a common ancestry. I suggest that RF-1, recognizing UAA and UAG, evolved first and provided the only termination mechanism for a period. In Escherichia coli the codons are recognized by the triplet pro-ala-thr, but the central amino acid is not conserved among bacteria, being any one of six amino acids. I propose that RF-2, recognizing UGA and UAA, evolved from it after tryptophane (coded by UGG) but before selenocysteine (coded by UGA; see below) entered the code, each with its own tRNA. As RF-2 uses the wellconserved triplet ser-pro-phe for codon recognition, it must have evolved after metabolism allowed phenylalanine to be encoded. UGA was probably the last codon to be used. Prior to the use of UGA as a stop codon, mutations or transcriptional errors yielding a UGA codon would stall chain elongation, just like the unused codons captured by *UNN and redundant CNN anticodons.
However, as for arginine and isoleucine NNA codons, UGA could not be captured by either of the standard *UNN or CNN types of anticodon, because tryptophane already held UUG. Either another novel modification functionally analogous to that for *CAU had to evolve to introduce an amino acid, or it had to become a stop codon.
One possibility is that RF-2 evolved first and that selenocysteine later became able to share the codon by evolving a novel tRNA with a specially modified *UCA anticodon and, at the same time, the SESIS mechanism to distinguish its UGA codons from those generated randomly by harmful mutations. The alternative possibility that selenocysteine captured the codon first by evolving the novel tRNA alone, and RF-2 evolved later, makes it harder to see why RF-2 evolved at all. One possibility is that selenocysteine would be much more harmful to most proteins than are most other amino acid substitutions, if randomly introduced into them by other mutations, thus, imposing a high mutational load. Such harm could result directly from the changed activity of the protein or indirectly if the rarity of selenium and low concentration of charged Sec-tRNA tended to stall chain elongation of proteins containing it. If the latter were true, RF-2 might have evolved to prevent such stalling by terminating chains with UGA, unless prevented by the SESIS. I tend to favor the origin of RF-2 before selenocysteine, which more simply explains, for the first time, why there are two different termination factors with curiously overlapping properties. As RF-1 and RF-2 share many conserved late amino acids, as do TF-1s among themselves, the termination machinery evolved after the code was largely complete, in which case the early protocell's metabolic evolution, like obcell evolution, probably took place with membrane-attached enzymes, unless the enzymes were cleaved from the tRNAs post-translationally by a more primitive enzyme. 
Origins of Aminoacyl-tRNA Synthetases
The recognition of amino acids and their correct tRNAs by aminoacyl-tRNA synthetase (AS) proteins is what now provides the specificity of the genetic code. Logically, AS proteins must have originated after the beginning of the code as they are themselves coded by it. The fact that modern synthetases fall into two classes with very different three-dimensional structures and modes of substrate recognition is consistent with this and with an independent origin of the two classes. The early code must, therefore, have depended on direct recognition of amino acids by tRNAs (Woese et al. 1966; Shimuzu 1982) and/or recognition by nucleozymes (Yarus 1998) . Such nucleozymes would later be replaced by proteins (Nagel and Doolittle 1995) . When did replacement occur? Although AS are not particularly well conserved, there is enough conservation of different amino acids within each kind of AS to suggest that the present enzymes were assigned to their amino acids and tRNAs only after the code was complete, i.e. after the evolution of core amino acid metabolism in the early protocell. However, this does not necessarily mean that that the evolution of the obcell code involved only nucleic acid ASs, for there could have been two successive takeovers. I raise this possibility because, although there is evidence for RNA being able to recognize some amino acids (Yarus 1998 (Yarus , 2000 , it is open to question whether nucleozymes would have had the capacity to evolve 20 different efficient synthetases. Possibly early proteins were recruited as AS in the obcell as coding improved for at least some amino acids, but were replaced by more efficient or selective enzymes that made full use of the 20 amino acids later available. If histidine and arginine were indeed added late, their presence in conserved AS motifs means that present day ASs must be late. Two successive takeovers are not totally implausible, since the apparent frequency of lateral gene transfer of ASs (Woese et al. 2000; Doolittle and Handy 1998) implies that AS replacement is relatively straightforward.
However, it is simpler to assume only one. I suggest that 20 nucleozymal ASs did evolve and that they recognized anticodons by Watson-Crick base-pairing with all three bases, giving high specificity to the early code that used GNN and a few CNN anticodons. Selection for reduction of genetic load caused by unused codons that introduced redundant CNN, *UGG, IGC, and *CAU anticodons required sloppier recognition of the first anticodon position during charging. Thus, the nucleozymes might have been replaced by proteins not for more precise recognition (Doolittle and Handy 1995) , but to allow slightly sloppier recognition of tRNAs. Of course, they might have been better than nucleozymes at recognizing the amino acids (but nucleozymes must have been pretty good at this, and experimentally can be, or the code could not have got started) or at catalyzing the reactions. As Doolittle and Handy (1995) suggest, it is likely that by chance two different proteins evolved to take over AS function. This probably happened in the protocell soon after the code was complete. The takeover appears to have been biased, but not determined, by the middle base of the anticodon. As all four amino acids with NUN anticodons have class II enzymes, possibly the first class II enzyme was specific for an NUN anticodon. Four of five amino acids with NAN and three out of five with NGN use class I enzymes, so perhaps the first class I enzyme evolved for an NRN anticodon.
Losses of Glutaminyl-and Asparaginyl-tRNAs
Glutamine and asparagine are unusual in being coded in different ways in different organisms. In some cases they have their own tRNAs like other amino acids, but in others they do not and are made by enzymatic modification (transamidation, Curnow et al. 1997 ), of glutamic acid or aspartic acid already covalently attached to their cognate tRNAs. It might be tempting to interpret this duality in terms of Wong's co-evolution theory of the code, which proposed that some novel amino acids became encoded as a result of the initial chemical conversion from its biosynthetic precursor taking place while it was attached to the tRNA. At some stage after a glutamine synthetase evolved for making glutamine directly from glutamic acid, the gene for glutamyl-tRNA synthetase was duplicated and evolved the capacity to charge a pre-existing glu-tRNA directly with glutamine and thereby take over glutamine codons, so the argument might go. However, there is no evidence from the structure of the code that glutamine or asparagine captured glutamate or aspartate codons. Phylogenetic data also do not support such an explanation for either amino acid.
Since glutamyl-tRNA synthetase is found in all organisms, but glutaminyl-tRNA synthetase is found only in eukaryotes and a few eubacteria (Proteobacteria, Deinococcus, and Porphyromonas), it has been suggested that glutaminyl-tRNA synthetase evolved only in eukaryotes and was laterally transferred several times to eubacteria (Lamour et al. 1994) . However, recent phylogenetic analysis does not support this; the eubacterial sequences are not nested within the eukaryotic ones, but are their sisters (Brown and Doolittle 1999; Handy and Doolittle 1999) . The fact that both molecules are widely found in the Chromatibacteria (sulphur purple bacteria and their colorless descendants, or ␤-and ␥-proteobacteria, Cavalier-Smith 2001b), a clearly holophyletic group, makes it highly probable that both were present in their common ancestor. Inspection of numerous molecular trees suggests that Chromatibacteria are comparable in age to the ␣-proteobacteria, the ancestors of mitochondria, and about two-thirds the age of eubacteria as a whole. If eubacteria are 3.5 Gy old, Chromatibacteria are about 2.4 Gy old, about three times the age of eukaryotes (∼0.8 Gy, Cavalier-Smith 2001b). Therefore the gluta-minyl-tRNA synthetase gene cannot have been transferred from eukaryotes to Chromatibacteria; successive transfers via Deinococcus proposed by Handy and Doolittle (1999) are even more improbable.
Multiple losses of enzymes are probably easier and more frequent than lateral gene transfers, contrary to recently fashionable assumptions. Since the Porphyromonas gene is as divergent as the chromatibacterial genes and one of the two Deinococcus genes very much more so, it is most likely that the ancestral eubacterium had both genes and that the glutaminyl-tRNA synthetase gene has been lost by eubacteria that do not have it. To explain why the eukaryote glutamyl-tRNA synthetases are so much more similar to eubacterial glutaminyltRNA synthetases than to their glutamyl-tRNA synthetases, we must suppose that the glutaminyl gene underwent gene duplication in an ancestor of eukaryotes and one copy took over the glutamyl charging function, allowing the original glutamyl gene to be lost. It is less easy to determine the ancestry of the archaebacterial glutamyl-tRNA synthesases, since they do not branch within either eubacterial clade, but are somewhat more similar to the glutaminyl genes. I favor the view that the postulated glutaminyl gene duplication, reassignment of amino acid, and loss of the eubacterial glutamyl-tRNA synthetases took place not in the ancestral eukaryote but in the neomuran common ancestor (Cavalier-Smith 2001b) . Archaebacteria then lost the glutaminyl enzyme and the remaining enzyme diverged rapidly from its eukaryotic sister prior to the primary radiation of archaebacteria and then evolved more slowly; such rapid early divergence could account for its not branching with its putative eukaryotic sisters. Thus, one gene duplication, one functional reassignment and two gene losses can account for the puzzling phylogeny and distribution of these enzymes. If my arguments are correct, lateral transfer cannot account for this. This interpretation is consistent with the fact that glutamine synthetase is found throughout eubacteria. Therefore, one cannot rationalize the frequent absence of the glutaminyl-tRNA synthetase by saying that they had not yet evolved glutamine synthetase and so did not need it. Type I glutamine synthetase is found in all bacteria and probably evolved in the protocell. Type II glutamine synthetase probably evolved in actinobacteria, so both were present in the neomuran ancestor; differential loss of type I in the ancestral eukaryote and type II in the ancestral archaebacterium explains their present distribution.
The case for a secondary loss of asparaginyl-tRNA synthetase is much more clear-cut. Eubacteria and eukaryotes have a conventional asparaginyl-tRNA synthetase, whereas archaebacteria amidate aspartyl-tRNA instead. Clearly, given the eubacterial root to the tree (Cavalier-Smith 2001b) , the ancestral archaebacterium lost the asparaginyl-tRNA synthetase, which had evolved in the protocell. Thus, the cenancestor encoded all 20 standard amino acids using separate tRNAs and synthetases. Although the fact that asparagine and glutamine are encoded by only two codons suggests that they were recruited late (Jukes 1971) , as does their absence from carbonaceous meteorites and spark discharge mixtures (Wong 1988) , there is no reason to suppose that they took over glutamate or aspartate codons as Wong suggested (1975) or were introduced after the cenancestor. It is much more likely that they simply captured unused codons, as argued here (Table 5) .
The codon correlations with biosynthetic pathways are robust (Taylor and Coates 1989; Di Giulio and Medugno 2000) . But if, as I have argued, this correlation is simply caused by the conservation of amino acid recognition patterns during codon capture, it would be misleading to refer to it as being explained by the coevolution theory. What is involved here is coevolution of tRNAs and ASs with each other, under a constraint jointly imposed by their phylogeny and the inherent chemical relatedness of the amino acids. There is no evidence that any codons for amino acids, other than the facultative ones for N-formyl-methionine and selenocysteine, were recruited by the direct modification of aminoacyl-tRNA as Wong (1975) proposed to be quite general. Even these cases do not conform with the theory, as neither involves conceding one of several tRNAs for a metabolic precursor amino acid to its product. The only case of capture of a previously used codon was from isoleucine by methionine, which is not its metabolic product. The coding of N-formyl-methionine did not involve codon capture from methionine, but sharing its codon between two tRNAs. There is no reason to suppose that the UGA codon was ever used by serine: serine simply provided a tRNA that could mutate to selenocysteinyl-tRNA to capture it.
Theory: The Origin of Bacteria
From Protocell to Negibacterial Eubacterium
Following the origin of efficient photosynthesis, intermediary metabolism, and the freezing of the code, the way was open for even more complex biosyntheses and morphogenesis. Most of these were concerned with increasing the complexity and functional capacity of the double envelope of the protocell, its interface with the environment. Evolution of peptidoglycan and lipoproteins (possibly also lipopolysaccharide and flagella, but these more likely evolved later, as they are absent from Eobacteria; Cavalier-Smith 2001b) converted the photosynthetic protocell into the ancestral negibacterium. UTP and CTP were recruited, respectively, as cofactors for polysaccharide and phospholipid synthesis, and undeca-prenol phosphate as a carrier to mediate their insertion. The number of periplasmic binding proteins for scarce nutrients, like iron and phosphate, increased. To allow the secretion of such periplasmic proteins and outer membrane constituents such as porins, signal peptidase evolved, as did a distinct lipoprotein signal peptidase. A great variety of cytoplasmic and periplasmic chaperones evolved to enable more efficient secretion and protein assembly, as well as several different self-compartmented proteases to degrade denatured proteins that escaped their attention. This increasing sophistication probably began even in the early protocell, but developed more fully after the code froze. In parallel, efficient DNA synthesis, mismatch repair, recombinational repair, and chromosome supercoiling, segregation and cell division became perfected prior to the cenancestor.
It is not unreasonable to suppose that the protondriven rotary motor of flagella evolved from the rotary proton-driven F 0 F 1 ATP synthetase (Rizotti 2000) . The F 0 F 1 synthetase itself probably evolved earlier in the photosynthetic protocell, after early phosphorylation based on the simpler proton-driven pyrophosphate synthetase (Baltscheffsky et al. 2000) initiated photophosphorylation, thus allowing a great increase in metabolic and coding complexity and the consequential use of ATP rather than pyrophosphate and inorganic polyphosphate, as the dominant oligophosphate intermediate carrier of energy.
The selective advantages of the more complex negibacterial envelope were various. Peptidoglycan gave greater osmotic and mechanical stability than the primitive protein periplasmic skeleton (Fig. 4) . This was particularly important as the internal soup of metabolites and ions became progressively richer and generated ever higher internal osmotic pressure. The interplay of this osmotic pressure and the mechanical and morphogenetic properties of the peptidoglycan murein and the lipoproteins that attach it to the inner and outer membranes came to dominate the life of the eubacterial cell (Koch 2000) . Since peptidoglycan is so central to eubacterial cell biology (eubacteria lacking it do so secondarily, Cavalier-Smith 2001b), I treat its origin as marking the origin of eubacteria and the end of the protocell phase of evolution (Fig. 3) . Cell evolution prior to the cenancestor can therefore be divided into three phases: an early heterotrophic protocell phase in which a primitive watersoluble metabolism began, probably using the ten-acid obcell code; a middle phototrophic protocell phase during which intermediary metabolism and the biosynthesis of the precursors for informational molecules and membrane lipid became well developed (including membrane lipid-soluble later stages of isoprenoid, porphyrin, and carotenoid synthesis), the amino acid coding capacity of the code expanded, and there was a progressive shift from heterotrophy to autotrophy, eventually allowing all 20 amino acids to be made and encoded; an autotrophic stem eubacterial phase, in which the eubacterial envelope, chaperones, and secretory system became increasingly complex.
Lipopolysaccharide also may have been present on the outer membrane of the cenancestor, but it is more likely to have evolved later as it is absent from Eobacteria (Cavalier-Smith 2001b) ; its prime function may have been defensive against viruses, transposons, predators, and parasexual cell fusions. Today, viruses are the most numerous biological entities in nature, being orders of magnitude more abundant than organisms and a major cause of their death and debilitation. This was almost certainly equally true in the obcell and protocell worlds. Ever since the proto-organism arose, there has been a perpetual arms race between genetic parasites and their organismal hosts; the selfish NA principle extended even into the NA world (Cavalier-Smith 1987a) . This arms race plays a major role in the coevolution of bacterial surface molecules and viral capsids today and must always have done so. Digestive enzymes from predators, competitors, and corpses would also always have been a threat. Adding thick layers of surface polysaccharide could reduce access of genetic parasites (until they overcame the defences), foreign digestive enzymes, and more specific chemical warfare agents (antibiotics, CavalierSmith 1992) to the more sensitive inner parts of the cell. The evolution of photosynthesis provided a ready supply of such sugary armor, so it is hardly surprising that the cell surface rapidly became more and more complex. I postulated that the protocell might have been created by fusion of two obcells, possibly sisters. But fusion with foreign cells would generally be highly disruptive and disadvantageous, increasingly so as the protocell became more complex with evermore mutually coadapted constituents. A clothing of carbohydrate and the evolution of a rigid chastity belt of periplasmic murein would totally prevent such disruptive protocellular sex, making negibacterial evolution fundamentally clonal.
It is not possible to say at what point transmissible plasmids evolved, since the fact that conjugation can be successful across the widest phylogenetic divides within the bacterial kingdom means that we cannot use cladistic reasoning to infer whether or not they were present in the cenancestor. My hunch, however, would be that they probably first evolved soon after DNA replication and coding both became efficient, probably no later than the photosynthetic protocell. If so, then superimposed on a basic clonality, there were lateral transfers of small gene clusters throughout the later stages of protocell evolution. Although driven primarily by plasmid selfishness (replicator selection), some of these transfers would have been serendipitously useful to the host, allowing useful innovations made in independent lineages to be combined in a single cell-the primary unit of organismal selection. The clustering of, often related, genes in operons is probably attributable primarily to an origin by tandem duplication (Fani et al. 1995 (Fani et al. , 2000 Lazcano and Miller 1999 ) and secondarily to cotransfer by selfish plasmids (Lawrence and Roth 1996) ; but transposition frequently must have created novel clusters and broken up old ones also. Bacterial transformation, though apparently much rarer, perhaps evolved prior to the cenancestor, as it is present in both Posibacteria and Proteobacteria, lying on either side of the basic eubacterial bifurcation (Cavalier-Smith 2001b) . Possibly, the obcell habit of eating nucleic acids continued throughout protocell evolution and was the primary function of bacterial transformation (Redfield 1993) .
Brevity of Precellular Evolution
Dating the key phases is not easy (Fig. 3) . I suggest that the initial appearance of fossilized cells 3.5 Gy ago may be attributable to better preservation caused by the origin of peptidoglycan and thus the origin of the ancestral eubacterium. On a geological time scale the primary radiation of eubacteria was probably not significantly later, so we may also regard this as the age of the cenancestor. The photosynthetic protocell phase, when the code expanded and central metabolism evolved, might have extended from 3.85-3.5 Gy ago (i.e. ∼ 350 million years) if my interpretation of the carbon isotope evidence is correct. But it might have been substantially shorter, and the cenancestor earlier, if the absence of good fossils in the latter part of this period were simply the result of metamorphism. Since meteoritic impacts probably prevented the origin of life before 3.9 Gy ago, the prebiotic soup, the NA word, the obcell world, and the lithoheterotrophic protocell world together probably lasted only at most 50 million years. I arbitrarily assigned 1 My to the NA world, 2 million years to the obcell, and 17 My to the pre-photosynthetic protocell phases in Fig. 3 . This seems more than adequate for them all. The obcell phase might have been ten times shorter: if it had been very longlived, it is likely that GAA and GCU anticodons would have evolved for early amino acids, blocking the later capture of their codons by phenylalanine and arginine. 30 My for the prebiotic soup is also one or two orders of magnitude longer than would be needed for precursor accumulation Miller 1994, 1996) , so it would not have mattered if serious meteoritic bombardment had continued a little longer than indicated.
Discussion
I have argued here that the genetic code evolved in two phases. The first on the surface of obcell membranes was primarily selected for encoding hydrophobic anchors for the replicators, nucleozymes, and polyphosphate-binding proteins. It enabled coding for ten amino acids. Even with ambiguity and inefficiency, the obcell code created a proto-organism in which a phosphorylating bioenergetic system and a nucleic acid/protein genetic system were coupled, both functionally and physically, on the surface of a membrane capable of growth and division. Selection could act directly on this proto-organism and overcome the selfish tendencies of individual replicators sufficiently to link them into a chromosome and to evolve greater complexity through intermolecular cooperation. Fusion of two obcells yielded a doubleenveloped protocell, able for the first time to evolve intermediary metabolism in the protocytosol and a digestive system in the periplasm. Therefore, contrary to classical encapsulation theories, which have persistently ignored the doubleness of the negibacterial envelope, the first cell had two topologically distinct aqueous compartments. Intermediary metabolism allowed the biosynthesis of amino acids, nucleotides, and lipids. This led to the second expansion phase of code evolution, to its rapid freezing and to early nucleozymal and/or primitive protein aminoacyl-tRNA synthetases being replaced by advanced fully coded ones.
The obcell theory of the early code has three key advantages over earlier theories. First, it directly provides an explicit physical mechanism for creating a proto-organism capable of progressive improvement by organismal selection. Second, it does so in a way (hydrophobic peptidyl-tRNA tails) that would work even with inefficient coding where precise sequences could not be specified. Third, the selection of these hydrophobic tails, and of the hydrophilic phosphate-binding protein heads, provides a simple explanation of why a discrimination between hydrophilic and hydrophobic amino acids was important without having to assume that early proteins had to have precise sequences or be good catalysts. Early selection for hydrophobicity provided the driving force for the origin of the code. The strong correlation between amino acid hydrophobicity and that of the anticodon (Lehmann 2000) especially the middle nucleotide (Taylor and Coates 1989) , however, was probably caused either by direct stereochemical interaction between the amino acid and anticodon (Woese 1965; Woese et al. 1966; Shimuzu 1982) or indirect ones mediated by a nucleozyme. Coupled with the simplification of the bioenergetics of the obcell postulated herelithophosphorylation rather than photophosphorylationthe obcell theory now provides a simple and unified theory for the origin of genetic coding, bioenergetics, and the first precellular living organism.
The origin of the code was not a "frozen accident" (Crick 1968; Ellington et al. 2000) , since the very strong correlation of the mid base of the anticodon with the hydrophobicity spectrum and other biases in the early code imply that selection was important. The code is a frozen relic of these early biases and of the constraints during later progressive codon capture, which also biased codon assignment by chemical relatedness. Progressive codon capture not only explains the coherence of the initial triplet base with the biosynthetic pathways (Taylor and Coates 1989) , but also the redundancy of the genetic code and the way it appears to minimize the effects of harmful mutations (Freeland and Hurst 1998) without any shift in codon assignments to achieve this. The redundancy simply reflects the fact that the code became frozen by the increase in the number of encoded proteins before every codon became assigned to a different amino acid. The necessarily conservative sequence of many proteins meant that once their number increased above a threshold reassignment was largely prevented, except by the relatively rare mechanism of mutation pressure and codon loss and recapture that Jukes et al. (1987) explained so well. However, the origin in the second evolutionary stage of the protocell code of the *UNN and most CNN anticodons is attributable to selection for minimizing the harmful effect of mutations and, perhaps more importantly (Freeland and Hurst 1998) , transcriptional errors, after the number of amino acids became fixed, as it allowed them to capture adjacent unused codons differing in the third base. Possibly, the correlation involving the free energy of codon/anticodon pairing (Lehmann 2000) is mainly attributable to the strong early bias towards using GC-rich codons, coupled with the smaller size, on average, of prebiotic amino acids compared with the more complex biosynthetic ones that later mainly captured AU-rich codons. Thus, each stage of evolution of the code was arguably dominated by a different major cause of selection: (1) for hydrophobicity of membrane anchors; (2) for hydrophilic domains for substrate-binding proteins; (3) for efficient protein catalysts; (4) for reduction of mutational load. The first two occurred in obcells and the latter two, in protocells.
The obcell fusion theory provides a simple explanation for the origin of the first true cell with a double envelope, consistent with the evidence that the cenancestor was a negibacterium (Cavalier-Smith 2001b) . Although the cenancestor had about 2000 protein-coding genes, the protocell initially probably had about 100 times fewer, perhaps only 20-30. The huge difference in complexity between the early protocell and the cenancestor make it vital to distinguish very clearly between them when discussing early cell evolution. I hope my careful distinction between the concepts of replicator, obcell (proto-organism), protocell (first true cell), and cenancestor (last common ancestor) will encourage this. Knowledge and understanding have advanced to such a degree that it is no longer appropriate to hide our ignorance of early evolution under a single blanket term, whether that be progenote, protocell, or whatever. For clear thinking and rational criticism by others, it is important to make the positive properties of such entities explicit and not merely say they were primitive. Many of the features that Woese (1998) attributes to the progenote relate more to the obcell phase of evolution, not to the cenancestor, which (for reasons see Cavalier-Smith 1991b , 2001b ) must have been immensely more complex than he has supposed. The surprisingly influential idea that archaebacteria, eubacteria, and eukaryotes diverged simultaneously and very early from a progenote (Woese and Fox 1977) has always been totally at variance with the basic facts of cell biology and palaeontology (Cavalier-Smith 1980a , 1987b , 1991a , 1991b . It is based on fallacious assumptions concerning the rooting of the tree of life and the significance of the important differences between the three domains, as well as the conflation of the concepts of proto-organism and cenancestor, and cannot be taken seriously in any discussion of early organismal evolution; all the molecular phylogenetic evidence alleged to support it can be readily reconciled with a relatively recent common ancestry of archaebacteria and eukaryotes, their neomuran ancestor having arisen as a radical secondary adaptation of a posibacterium to thermophily, as explained in detail elsewhere (CavalierSmith 2001b) .
One cannot accurately estimate the number of proteins at the obcell/protocell transition because we do not know how many, if any, of the obcell kinases and aminoacyl-tRNA synthetases postulated here were nucleozymes and how many were protein enzymes. What is clear is that the greatest expansion of protein enzyme diversity in the history of life took place in the protocell and the stem negibacterium, not in the obcell or after the cenancestor; probably the greater part of this vast expansion was in the later photosynthetic phases.
The increased number of coded amino acids as metabolism evolved in the protocell has much in common with the biosynthetic coevolution theory (Wong 1975) , but there are two important differences. Most obviously, metabolism and amino-acid biosynthesis are held to have played no role whatever in the origin and early evolution of the code and the establishment of its main features. Secondly, the codon correlations that Wong and others highlighted do not constitute coevolution of the code with biosynthetic pathways. On the present theory, amino acid biosynthesis was a prerequisite for coding more amino acids and its immediate historical cause. As this probably happened relatively quickly both phenomena would be temporally correlated. But, as before (Cavalier-Smith 1987a) , I think the form of the biosynthetic pathways for individual amino acids did not directly cause the correlation with their codons, as the term coevolution implies. As precursor and product in a metabolic pathway necessarily have more chemical features in common than two randomly chosen amino acids (Cavalier-Smith 1987a) , any scheme that assigns a successively larger number of amino acids to the code will necessarily yield such a strong correlation, given the very high probability that aminoacyl-tRNA synthetases and tRNAs for new amino acids would evolve most easily from ones specific for chemically related amino acids. Two things really account for the correlation with biosynthetic pathways. The primary one is the basic logic of progressive codon capture, given the dual binding properties of the synthetases and their evolution and that of tRNAs by gene duplication. The secondary one is the historical fact, if fact it be, that half of the amino acids were added later than the others because biosynthesis was not present at the outset.
The present bipartite theory of the origin of the code emphasizes the very different successive types of organism in which the code arose and later expanded. We may, therefore, call it the obcell/protocell theory, or, more simply, the organismal theory of the code. The code is frozen, but not a frozen accident. Historical accidents occurred, but they were biased by the organismal context for selection that acted on them. Coevolution also occurred, as repeatedly emphasized, but coevolution was with membranes and between components of the genetic and bioenergetic machinery, not with biosynthetic pathways (Wong 1975) .
The organismal theory is more satisfying than the coenzyme handle theory of Szathmáry (1993 Szathmáry ( , 1999 ; based on that of Wong 1981) , which has four weaknesses. First is the assumption of an RNA world able to mediate complex metabolism (Gilbert 1986; Benner et al. 1987; Gibson and Lamond 1990) . I very much doubt that such a world ever existed. It is true that artificial selection, and amplification using efficient protein enzymes can produce a variety of ribozymes in the laboratory. But natural and artificial ribozymes are mostly for a limited array of catalytic activity: nucleases, RNA ligase, kinase, and phosphotransferase-precisely the sorts of activities needed for the phosphorylating obcell postulated here. But conspicuously absent is a wider array of activities that would be needed for real metabolism, such as oxidoreductases needed for the synthesis of lipids and numerous coenzymes and for fixation of carbon dioxide or nitrogen. Second is the assumption that an RNA world of metabolism and protein coding both evolved in a pre-organismal world. Without attachment to a higher-level structure with reproductive capacity, such as the obcell, selection for cooperation could not have generated either a complex metabolism or protein synthesis. Third, the postulated role of the coenzyme handles is mechanistically and selectively vague. Particular functions for the handles are not suggested, nor is the level at which they might be selected; this criticism applies not only to Szathmáry's hypothesis but also to countless others, apart from the obcell theory. Fourth, by emphasizing catalysis for early proteins, much greater demands are placed on specific sequences and particular amino acids suitable for active centers than in the obcell theory. The first weakness is somewhat mitigated by the ribonucleopeptide world hypothesis of Di Giulio (1997) , who like me, Wong, and Szathmáry, assigns a key functional role to peptidyl-RNAs, but the others remain. Gibson and Lamond (1990) pointed out that catalysis is not a plausible function for the very first coded proteins and, therefore, proposed a structural function, i.e., as hydrophilic pores in a lipid membrane, assuming that hydrophilic proteins entered the code first, contrary to the present hypothesis. Their theory has two great weaknesses: one, its unrealistic assumption of a metabolically complex RNA world that preceded and extended all through the obcell phase of evolution (their metabolosome does not really solve the fundamental problems of evolving metabolism without membrane compartmentation); two, they imagine that coding started only after the folding up of the obcell to form a double-enveloped protocell and that the very first function of proteins was to encode porins in the outer membrane. However, the structure of the hypothetical pore peptides would require more accurate coding than would simple hydrophobic tails and if, as I have argued, early membranes had short lipids and relatively high permeability, the selective forces for such pores would be relatively weak. In my view, the conversion of an obcell to a protocell is the most difficult evolutionary step in the whole history of life to understand-more so even than the origin of the code-so to postulate that they occurred together, rather than sequentially, as I have, magnifies the problem for both. The present obcell theory is superior to the original in three ways: in providing a structural role simply involving hydrophobicity rather than an enzymic one for the first peptides; in deferring the evolution of many complex properties to the later protocell; in providing a continuity in bioenergetic mechanism between the NA world and the proto-organismal world.
Of course the present theory has its own weaknesses, which others will be only too happy to point out: I hope they will. The real question, however, is whether they outweigh its merits. One slight weakness is the relative lability of the ester bond between the peptidyl group and the tRNA; at mesophilic temperatures its half-life in nearly neutral aqueous solution is 8-9 hours (Davis 1999) . However, at the subpolar temperatures favored here for the origin of life, it would be several times longer. Moreover, embedding the hydrophobic tail in lipid might help to protect this weakest link from hydrolysis. The expected lifetime should be sufficient to attach replicators and nucleozymes to the obcell long enough in relation to the (unknown) doubling time of the obcells for organismal selection to be strong enough to improve the system. Imperfect stability would itself provide the selective conditions for additional secondary attachments, e.g., of the protoribosome by docking proteins and of genes or chromosomes by other proteins like primitive centromere-binding proteins. It does not really seem necessary to postulate an intermediate stage with a different stronger type of covalent bond, as suggested by Wong.
The involvement of amino acids attached to tRNA in all manner of metabolic process has often been used to argue that these are relics of an RNA world of complex metabolism (Di Giulio 1997) , for example the use of glutamyl-tRNA in the synthesis of chlorophyll and bacteriochlorophyll (Benner et al. 1987) . This is a remarkably weak and insubstantial argument. As argued elsewhere (Cavalier-Smith 2001b) , it is fallacious to regard all RNA uses as relics of the RNA world. Generally, these uses of aminoacyl-tRNA have nothing to do with ribozymes, as the RNAs are not catalytic. The amino acids are merely bonded to the tRNA. Ever since the protocell evolved, a substantial fraction of each directly coded intracellular amino acid would have been attached to tRNAs. When enzymes originated biosyntheses using amino acids in the protocell, some would evolve to bind free amino acids and others, by chance, to bind those attached to tRNA. The evolution of dependence on aminoacylated tRNAs was, therefore, inevitable for a random sample of metabolic steps, even if they all evolved after the code was complete, as argued here.
Likewise, use of UTP for carbohydrate biosynthesis, CTP for lipid synthesis, and NAD coenzyme for oxidoreductases does not mean that any of these mechanisms evolved in an RNA world. Just because such coenzymes can be synthesized by artificially selected ribozymes (Huang et al. 2000) or non-enzymatically (Cleaves and Miller 2001) , it does not mean that they were synthesized naturally. RNA probably has much more potential chemical virtuosity than was ever actually used. Rather than being relics of an RNA world (Orgel 1968; White 1976) , the nucleotides of coenzymes could easily have been recruited from the genetic system by the protocell when metabolism evolved after proteins and DNA. After the protocell evolved, UTP and CTP would be abundant in the cell and available for recruitment as highly charged hydrophilic carriers. I have suggested that the proto-organism used inorganic oligophosphates, not nucleotides, as primary energy carriers. As metabolism became more complex, selective control of different pathways would be favored by selecting separate organic oligophosphates for them. Ribonucleotides were recruited simply because they were the most abundant organic oligophosphates in the cytosol. As GTP was already used for protein synthesis and cell division, and ATP (arguably the most abundant prebiotically) was a generalized high energy phosphate carrier, it was natural that UTP and CTP were recruited for making the two novel polymer types that protocells evolved during the transition to the ancestral eubacterium: once proteinbased biosynthesis made them readily available, there would have been less initial competition for them than for GTP and ATP with their multiple uses. Since many proteins involved in RNA synthesis would have binding sites for them, duplicates could be readily recruited for new functions. The recruitment of ribonucleotides, rather than deoxyribonucleotides, for these uses probably has two reasons: first, the roughly two orders of magnitude greater amounts of RNA than DNA in the cell, making their ribonucleotides (which are also precursors for deoxyribonucleotides) much more readily available for such recruitment; second, the larger number of ribonucleotide-dependent enzymes to serve as ancestors for new ones by gene duplication.
The organismal theory is superior to those that see the origin of life simply or primarily in terms of the evolution of autocatalytic chemical systems (Dyson 1985; De Duve 1991; Kauffmann 1993; Wächtershäuser 1988 ). An organism is an autocatalytic chemical system. That it is more than that is readily seen by comparing it with a flame, also an autocatalytic chemical system, but one with much more limited evolutionary potential. Despite such phrases as "the living flame," flames are not alive and cannot evolve even though they consume fuel, show distinctive forms depending on the pattern of free-energy flow through the system, can grow, and even be reproduced. They can grow to consume all the available fuel, but their size is limited by the contiguous stock of fuel and how it is organized, not by inherited properties. They can be reproduced by environmental forces, such as my moving a match from one candle to another or wind blowing an ember from haystack to haystack. But they are not self-reproducing and have no heredity. Their autocatalytic consumption of fuel and generation of form arises de novo with each ignition, so they cannot evolve. Prebiotic autocatalytic cycles, whether in solution or on mineral surfaces (Orgel 2000) , cannot evolve to higher complexity in the absence of replicators providing unlimited hereditary and variational potential and membranes providing a discrete organismal structure selectable at a higher level. Like flames, they go out when the fuel is exhausted and cannot progressively increase their limited compositional or dynamic structure and thereby make the transition from autocatalytic chemistry to biology. At best their products could have served as significant raw materials for genuine biological evolution.
The obvious analogy between autocatalysis and organismal growth or multiplication that lies behind these ideas has long been recognized (Lotka 1925 ). Yet, although natural selection is, in a philosophical sense, a physical principle (Lotka 1922a) , it is even more so a biological one. A few recent authors appear to have lost sight of the basic difference between abiotic chemical reactions and living organisms clearly stated by Lotka (1922b) and re-emphasised by Maynard Smith and Szathmáry (1995) : the potential for variation of the former is strictly limited, whereas in organisms, it is essentially unlimited. As a result of this oversight the autocatalysis enthusiasts have attributed far too much creativity to non-templated chemistry and to nonorganismal selection. The unlimited variability of organisms stems from the template mechanisms of NA heredity, transcription, and translation, but its capacity to undergo selection and progressive evolution stems from its combination with limited membrane heredity to form discrete organisms.
In the present paper, as in my previous publications on cell evolution, I have, therefore, stressed the importance of a holistic approach, viewing molecular evolution in an organismal context, where specific biological structures, mutational mechanisms, and selective forces are all considered. Central to this approach is an emphasis on the coevolution of the various molecules that together make organisms. Some coevolve very tightly, others much more loosely; such differences are important, but no molecules evolve truly independently. This highly explicit holism is not anti-reductionist and, thus, differs greatly from the vague, semi-mystical holism sometimes advocated. By considering the problem from several angles at once, one can often eliminate theoretical possibilities that might seem plausible from a specialist viewpoint and more speedily develop a more accurate picture of past history than a piecemeal approach usually achieves. Specifying transitional stages in considerable detail is not unwarranted speculation, but a way of making the ideas sufficiently explicit to be more easily tested and rigorously evaluated.
Coevolutionary constraints are a prime reason why very few amino acid sequence changes can be truly neutral, as was once thought (King and Jukes 1969; Kimura 1963) , even though most changes in DNA sequence probably are. Thomas Jukes, to whom the present issue is dedicated and on whose tall shoulders we metaphorically stand, was a prime exponent of bold, but detailed speculation about molecular evolution, fully recognizing the subtle interplay of mutational accidents and organismal selection. Like many successful evolutionists, he was also a keen naturalist who knew real organisms well.
